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..—On the Development of the Olfactory Organ in Protoptenis. 
By Margaret H. Fullarton, B.Sc., Assistant in the Zoology 
Department, University of Glasgow. Communicated by Professor 
. J. Graham Kerr, F.R.S. (With Six Text-figures.) 

(MS. received August 20, 1932. Read November 7, 1932 ) 

My thanks are due to Professor Graham Kerr for all the material used 
in this research and for much helpful criticism The sections used 
were already stained and mounted. The stages mentioned are named 
according to Keibel’s Normentafelu, Heft x. 


Observations. 

\'he first definite olfactory rudiments, arising as two solid ingrowths 
of the deep layer of ectoderm on the under-side of the head, are to be seen 
in sections of Stage XXVII. 

A section through the left olfactory rudiment of Stage XXVI iT 
(fig, i) shows the early structure of the organ clearly, with its in¬ 
growing thickening of the deep ectodermal layer covered by the thin 
superficial ectoderm. The cells in both layers are heavily laden with 
yplk particles, as illustrated in the text-figure by black dots, 
j In the later stages, XXIX and XXX, the rudiment is similar; the 
■Is near their outer ends are becoming progressively less yolky. 

[ In Stage XXXI (fig. 2 ) transverse sections show that a cavity has 
formed in the -deep ectodermal layer by cytolysis. The super- 
1 ectoderm still persists, stretching qver this cavity, but it is seen to 
l^degenerate. Yolk is still present in the cells. In an external view of 
> under-side of the head two rounded dimples are apparent, one on 
r side, and these indicate the rudimentary olfactory organs, 

1^.B.s.s.— VOL. LUi, i93a-33i past i. 
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By Stage XXXII (fig. 3) transverse sections show that the super¬ 
ficial ectoderm has broken down over the rudiment, and that the cells 
contain only a little yolk. In external view the olfactory organs show 
little difference from Stage XXXI. 

Transverse sections through the rudiment of Stage XXXIV show 
that the organ is open throughout its length and that a lateral diverticulum 
is growing out from its cavity. In external view the two dimples have 



Fio 1.—Transverse section through the left FiO. a.—Transverse section through the right 

olfactory organ of Stage XXVIII. olfactory organ of Stage XXXI. 

<1 n , anterior naris ,4c, blood-cell; 4 v., blood-vessel; e , cavity of the olfactory organ; 

I, deep ectodermal layer ;/</., lateral diverticulum ; m , nudaua; / poatenor nans ; 

X X , superfiaal ectodermal layer; y., yolk particles in the cett. 

elongated to form two slits, which pass outwards and backwards on each 
side of the under part of the head. An interesting point was observed 
at this stage where the organ is elongating with growth, as is indicated 
by the formation of the slit. Transverse sections through the anterior 
part of the organ showed that the cells in the region of the opening are, 
like other ectodermal cells at stage, free from yolk. On examin¬ 
ing sections through the posterior part of the slit, however, the cells 
were seen to be yolky and thus to resemble endodermal cells at this 
stage. 

In Stage XXXV a well-developed lateral diverticulum is present. 
The anterior part of the opening is again “ dbviously ’’ of ectodermal 
tissue in contrast to the cells of the posterior part of the opening which 
are to all appearances endodermal. Sagittal sections were used to 
make a reconstruction of the left olfactory organ of this stage (fig. 4). 


Oh tht D*vtlopm*Ht ef ike Olfactory Organ tn Protoptcrus 



Fio 3 —^Traiuverae section through the left olfactory organ of Stage XXXII 



Fio 4 —Reconstruction of the left olfactory organ in Stage XXXV made fiom 
a senes of sagittal sections 



IJO 5 —Transverse section through the nght olfactory organ of Stage XXXVI 
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The drawing shows the left olfactory organ viewed from the left side. 
The well-defined lateral diverticulum is seen to be about the middle of the 
organ, and the main cavity, represented by the dotted line, is seen to open 
to the exterior and to extend into the diverticulum. In external view 
the opening is seen to be of dumb-bell shape, a widening has arisen 
anteriorly and posteriorly, and a constriction is beginning to separate 
these two regions. This opening is only visible after part of the lower 
jaw has been removed. Professor Graham Kerr has illustrated these 



Fio. 6 —Reconatruction of the left olfactory organ in Stage XXXVl, made from 
a Benex of lectioiu parallel to the lagittal plane 

changes in shape of the olfactory opening in the Quarterly Journal oj 
Microscopical Science, vol. liv. 

Transverse sections through the organ in Stage XXXVI show that 
the anterior and posterior parts of the dumb-bell opening are now com¬ 
pletely separated, by fusion of the intervening edges of the connecting 
slit, to form the well-separated anterior and posterior nares. The anterior 
naris opens to the exterior, and it is hidden by the overhanging anterior 
lip of the animal. The posterior naris opens into the buccal cavity. 
The now almost tubular cavity passes from the anterior opening to the 
posterior and contains much mucus. This,mucus is formed by gland- 
cells which line the dorsal wall of the cavity. The lateral diverticulum 
is now situated towards the hind end of the organ; a section through it 
shows its persisting connection with the olfactory cavity (fig. s). The 
gland-cells found in the dorsal wall of the main cavity appear to line 
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the cavity of the external diverticulum. A reconstruction of this stage 
was made from a series of sagittal sections (fig. 6). This drawing 
shows the left olfactory organ viewed from the left side. In the actual 
specimen the two openings, now completely separated from each other, 
may be seen by removing most of the lower jaw. 

Remarks. 

1. This IS an unusual type of development. The organ first develops 
as a solid ingrowth of the deep layer of ectoderm, whose cavity develops 
secondarily and opens to the exterior; the external aperture elongates, 
then dilates anteriorly and posteriorly, and finally becomes closed again 
except at its dilated anterior and posterior ends 

2. The origin of the two openings is probably different, the anterior 
being “ ectodermal "—that is, with its richly protoplasmic cells free from 
yolk; and the posterior “endodermal”—that is, of yolky cells. This 
can be explained if one remembers that the piosterior part of the wall of 
the buccal cavity in Protopterus is “ endodermal ” in origin; the slit of 
the embryonic olfactory opening extends outwards and backwards as it 
grows, thus penetrating the “ endodermal ” part of the buccal cavity 
so that posteriorly the opening comes to lie in " endodermal ” tissue. 
Greil, working on Ceratodus, states that an ingrowth of ectoderm takes 
place, and that this ingrowth lines the buccal cavity. According to 
Professor Graham Kerr on the other hand, the mam lining of the buccal 
cavity in the Dipnoi arises in situ by actual transformation of the originally 
yolk-laden cells; “ it is as if an influence were spreading inwards from 
the external ectoderm, gradually transforming the original ‘ endodermal ’ 
yolk-laden cells into ectoderm like itself.” He also notes that in the study 
of celloidin sections " there is frequently visible a quite broad zone of 
transition in which the richly protoplasmic ' ectoderm ’ cells pass by 
imperceptible gradations into the typical yolk-cells, there being no trace 
of the absolutely sharp boundary which must be present were the ingrowth 
hypothesis correct.” 

The “ectodermal” origin of the anterior nares and the “endodermal” 
origin of the posterior nares support the latter view. 

3. The lateral diverticulum found in Protopterus embryos is found 
also in the embryonic Leptdostren, whose olfactory organ is closely similar 
in its development. No such organ is mentioned by Semon as occurring 
in the development of Ceratodus. This diverticulum resembles the organ 
of Jacobson in being a little pocket-like outgrowth from the main nasal 
cavity, but in the higher vertebrates this organ Arises from the medial 
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wall of the nasal cavity, and grenerally from the ventral part of the medial 
wall. In Protopterus and Lepidosiren the lateral diverticulum arises from 
the dorsal part of the lateral wall of the nasal cavity, and thus cannot 
be said to be homologous with the organ of Jacotwon in the higher 
vertebrates. 

Adult specimens have not been examined with the stages cited above, 
but Parker makes no mention of any structure resembling this lateral 
diverticulum in the adult Protopterus. The olfactory organ in the adult 
has many pockets developed from its cavity, and these would not be 
distinguishable from such a simple diverticulum as is found in the embryo. 

4. The position of the anterior naris behind the upper lip would lead 
one to expect that both openings of the olfactory organ communicate 
with the buccal cavity. This has been shown by Huxley not to be the 
case, the anterior opening communicating with the exterior. Parker 
suggests that this lip is probably an adaptation in connection with the 
torpid state. Professor Graham Kerr considers the modification an 
adaptation for burrowing through the mud. 

5. The possession of external and internal nares in Protopterus and 
Lepidosiren would lead one to expect that these hsh, whose respiration is 
to such a great extent aenal, take in air through the nasal passages. 
Professor Graham Kerr, from his own observations, considers that the 
olfactory organ in the living fish is purely sensory, the animal depending 
upon this sense principally in its search for food. 
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II.— A Matrix Notation for Mendellan Populations. By Professor 
Lancelot Hogben, M.A., D.Sc., Department of Social Biology 
in the University of London. 

(MS. received July 7, 1932 Read December 5, 1932 ) 


I. Introduction. 

Those who have had experience of problems involving inbreeding or 
the correlation of relatives in a population with specified proportions 
of Mendelian genotypes will have realised what difficulties reside in the 
absence of a convenient notation. In the absence of such a notation 
difficulties arise more from the unwieldincss of the expressions obtained 
than the abstruseness of the problems encountered. The familiar chess¬ 
board diagrams of Mendelian hybridisation and the form of a contingency 
table for relatives alike suggest that a matrix notation might be generalised 
to take into account both sex-linked inheritance and the more usual type 
of transmission. A determinant form would meet some of the require¬ 
ments of autosomal transmission, but is not adapted to the asymmetrical 
case, when the male sex • cannot be heterozygous. In extending to 
more remote relationships a previous inquiry (3) into fraternal and filial 
correlations involving sex linkage, the writer has found it useful to employ 
a system of operations applicable to other types of inquiry. The former 
investigation is not yet complete. In the meantime it seemed possible 
that the method used might prove suggestive to other workers. A 
preliminary account of the fundamental operations is here given in so far 
as they are relevant to single gene substitutions. 


2. Definition of the Operators. 


I. There are three types of matrices in the proposed notation. 


are written thus: 

(a) Population matrix (or P-matrix). 



iji) The Product form. 



They 


* Throughout the male it treated as the heterogametic sex. The reader will find no 
difficulty m making the trifling adjustmenU necessary when, as in birds and Lepidoptera, 
the fem^e is the heterogametic sex. 
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I L« M, N, I 

(<r) The G)rrelate. C,- O, P, Q, . 

1 R» S, T, I 

The sum of the terms in each of the vertical columns of a F-matrix is 
unity and the sum of all the terms of a correlate or a product is 
unity. 

2. The operation of Zero Substitution performed upon a P-matrix 
is written either as: 

o(Za) signifying that throughout any operation performed with the P-matrix 
all the terms in the left-hand column, i,e. b^, become zero. 

(Z Jg signifying that throughout any operation performed with the P-matrix 
all the terms in the right-hand column, t.e. </„, become zero. 

In each case the remaining column is multiplied by two throughout. 

3. Two operations defined as multtplicatton and condensation may be 

performed upon a pair of P-matrices. They will be defined in § 5 and 
§ 10. Two operations denoted extension and extraction may be carried 
out with a Product form. These consist of expanding the product in 
a series of P-matrices or mtnors of fixed value. Either operation can be 
carried out "asymmetrically” or "symmetrically” according to whether 
one or another set of minors is used. The fixed values of the minors used 
in extraction or extension of the symmetrical or asymmetrical type aret 
given below in § 7 and § 8. J* 

4. The addition of any number of matrices of one and the same type 
follows the same rule, namely, that corresponding terms are added, thus 


a.P,+^.P»+^.Pe+ . . . ».P,- 


^r.Or i'Pr 

p.rr p.s. 




where (j+i + ^+ . . . »)-i. 


5. The product of two P-matrices is defined as 


a, d. 


dt 

Prt-Z.xZ,- b, e. 

X bt 


c, /, 


A 


■ + • J(Vi+V.) • KVi+fi'*) • 

• W.W.) . 
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Lemma 

^n^ii ^*'11 

<*11/11 *■«/» I 

6. When multiplication is carried out between two P-matrices on 
which the operation of zero substitution has been earned out, the 
coefficient ^ is eliminated throughout from each term of the product 
(see 2). 

Lemma 

o(z*)^o(zi)“0”(z^ox(zi)o 

I b^^ I 
(z,)o^o(/-.)- <»A ht 

I <*V. V. I 

I aid, bid, Cfd, I 
o(z,)x(z<),=. ate, b,e, Cte, 

I atf, btf, Ctf, I 

7. The operation of EXTENSION of a Product form is the formation 
of a P-matrix series of which every term is formed by multiplying one of 
the terms in the product with a P-matrix “minor” of fixed value for each 
locus in the general product form This is written 

E . (PJ -4. ri + «*. +«, . f„ . . . 4. 

or briefly, 

E.(P,)-ji', r. 

(the summation sign being omitted). 

The fixed values of the Extensors are of two classes, according 
to whether the extension is “symmetrical” or asymmetrical. The 


symmetrical extensors are. 



U 



s. 

^7 

St 

I I 

4 4 

0 0 

i 4 

0 0 

0 0 

0 0 

4 4 

I I 

4 4 

4 4 

0 0 Sg-s„ and Jr-r, 

0 0 

0 0 

0 0 

4 4 

4 4 

11 j, - r,. 

The asymmetrical extensors 

are' 


s’„t 

S'n 

s'. 




i i 

0 0 

0 1 

0 4 



* 0 

I 0 

I 0 

4 0 


s',-s, and r'j-r, 

0 4 

0 I 

0 0 

4 4 




8. An analogous operation to the extension of a product is called 
extraction, and is similar except that the fixed minors have different 
values. It is written 
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The minors of this operation are called extractors, and their values are: 


*n 

XI o 1 o I 

O O 10 o o 

0 0 0 0 1 0 


O I 

O o 


u 

0 0 
0 I 
I o 


I o 
o o 
0 I 


0 o 
I o 
0 I 


o o 
o o 


In asymmetrical extension the values of the extractors are the same for 
/, m, n, r,s,t; but the extractors for o, p, q are zero. 

9. The P-matnx series obtained by operating upon a product with 
£ or £ may be summed as a P-matnx thus: 

I 4i+<»«+^if • 4 + I 

'“n+A + ^n 


K 4 /»+ »»«, +20,i( 4 /« + 2»«« + 20,+/.) 
E.(PJ- i(«« + a*«+ 0 «+A + ?« + *'’* + O • t(»»* + 2 ««+ 0 n+A+?n + *%+O 
K/>« + a?* + ".+40 K/« + 2?» + «n+40 


1 i( 3 /«+««) 

E'. (PJ « 1 (»«, + + sr, + J„) 

I + 

E(Z- K(^, + 3^0 + <« +/,(2a,+ 

1 i(<f« + 2/«)(^, + 20 

I K( 3«,+^,0 

E'(ZJ*- + +/»(*«»+^«) 

I 4 /«A +*0 


i(2/, + w„ + 3r,+j„) I 
0 

4(»l„ + 2«„+r, + 20 I 
i(2</,+0(a««+^J I 

(A+A)(2«„+^j I 

(a+a)a +20 r 


10. The Condensation of two P-matrices gives the Correlate 
defined by 

I A D I \a d\ 

Zr ~ Z, or B E ~ ^ r - 
I C F I \c f\ 


i(A + D)(a+rf) i(A + D)(^+*) 

i(B + E)(fl + <0 i(B+£)(# + <) 

J(C + F)(a+rf) i(C+F)(^+f) 


i(A-hD)(r+/) 
J{B-KE)(r+/) . 
i(C-(-F)(f+/) 


11. Zero Substitution as follows can be performed in the condensa¬ 
tion of two P-matrices. 

I Aa A 3 Ar I 
Ba B 3 Br 
Ca C 3 . Cf 1 


T>d D« D/ 
j(Cr,)- Ed E# E/ 
Fd F# F/ 
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I i<Arf+<»D) t(B</+^D + Ea + fA) i(C</+^D + F«+/A) I 

•(CHr)o- i(Ag+aE + D 6 +dB) J(B«+ 3 E) i(Ctf+^E + F 3 +/B) 

1 J(A/‘+flF+Df + rfC) i(B/+*F+E<r + «C) t(C/+<-F) 1 

\ Ad Ae A/\ I Da D# Df I 

(Cb)o ~ o(C,) Bd Be Bf ,(Cu) - (C,)o Ea Ei Eel. 

\Cd Ce Cf\ I Fa F^ Fe j 

Lemma 

I i<A+D)* i(B+E)(A + D) J(C+F)(A + D) 1 

(i) Zh ~ Zr - J(A + D)(B + E) J(B + E)* i(C + F)(B + E) 

1 J(A + D)(C + F) i(B+E)(C + F) i(C + F)* | 

I A* BA CA I 

(iO (Crh)*- AB B« CB 

I AC BC C» I 

I D* ED FD I 

(iii) o(Chb)- DE E* FE 

I DF EF F* I 

I AD BD CD I 

(iv) o(Chr)o- AE BE CE . 

I AF BF CF I 


3 . The Biological Significance of the Operations. 

The following definitions will be sufficient for using the foregoing 
operations in problems of inbreeding and the correlation of relatives. 

(a) A P-matrix represents a population of which the terms of the left 
column are the frequencies of the female genotypes and the terms 
of the right-hand column are the male genotypes. The order in 
which they are to be read is as follows:— 


R 

K 

R 

R 

. H 

H 

Z'- H 

0 

D 

D 

D 

D 


The latter type or asymmetrical form is used in sex-linked 
inheritance. In a system of random mating the P-matrices for 
the population are respectively; 





P 

»pq 

ipq 

Z'r- 2 pq 

o 




9 


Extractors a^nd extensors represent pairs of parents or stbships. 
The extractors are pairs of parents, and the extensors being 
sibships. The order is the same. 
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{b) The product of two P>matrice8 represents the mating system formed 
by pairing the individuals with one population (or sibship, etc.) 
with individuals of another. The order of the terms is taken to be 

1 RR RH RD 1 1 RR. R^ H . R^ DD. R^ 

P- RH HH HD ; P'- . 

I RD DH DD I I RR . D^ H . D> DD . Dy 

(^) It follows that the square of a P-matrix represents the mating 
system resulting from mating the genotypes (represented in their 
respective frequencies by the given P-matrix) inter se. 

(d) The operation denoted by E or E' (latter for sex-linked gene 

substitutions) represents the population of offspring resulting 
from a mating system corresponding to the product on which 
the operation is performed 

(e) The operation ( represents the genotype frequencies of the popula¬ 

tion whose mating relations are represented by the product on 
which the operation is performed. 

(/) The operation of condensation corresponds to the formation of a 
contingency table by taking all possible pairs of individuals, one 
member of each pair being taken from one population or P-matrix, 
the other from the other population or P-matrix, 

(g) By zero substitution the mating of two populations may be made to 
involve the males of one and the females of the other or vtce versa. 

(A) By zero substitution the condensation of two population groups 
may be taken to mean taking pairs of males only, taking pairs of 
females only, or taking a male from one and a female from the 
other. Without substitution the operation of condensation repre¬ 
sents all possible pairs taken simultaneously. 

(f) The order of the terms in a correlate is given by 

I RR RH RD I 

RH HH HD . 

I RD DH DD I 

(A) A system of inbreeding is specified by the product forms corre¬ 
sponding to the (« - i)th and the nth generations together with 
the P-matrices of the nth and the (n + i)th generations. 

4. Tables of P-matrices. 

It will be seen in what follows that certain products constantly recur 
in problems of inbreeding or correlation in a system of random mating. 
The values of the P-matrices formed by extending these products is given 
in Tables I-III. The form (x,) x (Z*), etc., are used for whole relationships. 







Table II.—Asymmetmcal P-matkices (Whole Relationships). 
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00- 

^o«i 

‘•1 

ao+ 

s 

OliOOi 

».l 

0.0* 
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4 

00.* 



- 

ii 

f 


S^X 

hi 

M 

lo? 

Is 

H+ 

Ig 

S 

11 

vK 


li 

-o- 

0.0* 

•a s 
t- + 
*■“? 

ii 

♦.0 »• 

I'" 

.0* 

- 




+ 

_ 





-h 

% 

SuA 


i 

tU 


++_ 

If 



ri 

^0* 


•=• •« 
I* I 

11 

.0* 


... 

i 


SuX 

... 


++f 

IS 





H 



5 5 

-s < 

a c 
+„ + 

n 

... 

hi * 

«,o «i 

i 


*1* 


ll? 

Ill 

■c-c< 

t.K 

of. 

555 

\|>v 



-oo 

0.0 V 

h 

i-* 

0.0* 

S'* 

.o* 


-- 


•..o 


i 

.*0 




1 

1 

t 

1 

1 

1 

? 

a 

I 

H 

1 

W 

1 

i 

I 

td 

1 

1 

1 

a 

d 

1 

I 



Table III.—Asyuiietiucal P-matuces (Half Relationships). 
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The form (<,), x ^Z-^) or x (Zr), for half relationships. In Table I 
for symmetrical forms it is irrelevant whether we use either type of zero 
substitution for the latter, except that, if the female parent is mated to the 
population at random, the P-matrices corresponding to /, m, r are equal, 
and equivalent for those corresponding to /, m, n, etc., for the case when 
the male is mated with the population at random. The values of 
£{£o[o(0 ^ (Zii)o] X (Zi))«} are not tabulated since they can be derived at 
once from the identities in the (r,) x (Zh) and o(^y) ^ (Zb)o tows. The 
P-matrix Zu has already been defined (§ 3 (a)) as representing a population 
mating at random. 


$. Application to Systems of Mating and the Correlation 
, of Relatives. 

In what follows, illustrative examples of the use of the notation proposed 
and the operations defined in the preceding sections will be given. Several 
of the examples given are theorems for which particular solutions are 
given by Jennings (3) m his classical memoir Others derive results 
due to Dahlberg (i), Fisher (2), and the writer. 

(a) Random mating—autosomal gene substitution 
A system is in equilibrium when 

Z,-E(Z«)«. 

From (2[9]), taking the second term in the left-hand column, 

^ + aO +/»(«n +fJ}- 

When the distribution of the sexes is symmetrical this becomes 


Whence 

or 


bn~iMbn + +bn +bj}. 

b’-isTac 

(Pearson-Hardy law.) 


(J>) Random mating for sex-linked genes. 
Let the initial population be 

1 / / I 

Z„ — o . o • 

I ? ? I 

The mating system is (Z,)* 

I o pq\ 
" \/f o I 
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^xtendingr this asymmetrically: 

I />* P\ 

2/? o 

\ 9 * 9 \ 

Mating this population inter se is represented by (Z„+i)*, whence 

I /* p^ I 

I P*9 2 /^ ^ I ■ 

Extending this, we find that Z,+i=Z,+,, i.e. for the initial condition 
specified above equilibrium is attained after one generation of random 
mating (Jennings, p. 80). 

If, instead of starting with a population of which the males and 
females belong to the same genotypes in corresponding proportions, all 
females belong to one (DD) and all males to the other (R^), we proceed 
as follows. The P-matrix obtained by extending the Product-form of the 
general asymmetrical P-matrix when squared may be simplified by the 
relation {d+f) = i 

\ a d \* I ^ii(2a + f) i(aa+ii) 

E' 3 o ■■ ^i + ied+af) o 

U / 1 I */(^ + «) J(^ + af) 


Whence we obtain the zero groups for successive generations. 


1 0 1 1 1 ° ° 1 


0 


|U| )^i| 

1 t»A Al 

7 -0- 00 Zi- 1 0 

Zi- 

i o| 

z.- 

i 0 Z4-1 0 

z.- AV 0 

1 I 0 1 1 0 11 


il 


18 8l hul 

liVs ul 

This leads to the series 






0 


1 

1 

A 


Dy I 

i 

1 

8 

n • • • • 


RR 0 

0 

i 

nV 

-,v. 


RD I 

i 





DD 0 

t 

1 

ii 

AV 



(Jeimings, p. 81.) 


(c) Brother-sister mating for autosomal genes. 

The mating system of the («- i)th generation is denoted: 

I / m n 

P«-i» o p q 

\ r s t 

Then the constitution of the »th generation is the P-matrix 
Z.-E.(P„.,). 

P.R.S X —VOL. LIU, 1932-33. X. 
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Extending we find, since the distribution of the sexes is symmetrical 
so that m=o, H=r, and g=s: 

I i(4/+4«+/) i(4/+4«+/) I 

Z,- J(aM+4*+/+aj) ^(2m+4m+p + 2f) . 

1 i0>+4?+4/) i(^+4? + 40 I 

The mating system in the nth generation of fraternal inbreeding is 
the P-matrix series: 

/. (fO* + a»i(xj* + an . (j,0* +P • W + • (O*+/ • W- 

This gives the product 

\ i(4*»+/) iV/ 

P,- \( 4 "t+p) J(a««+8n+/ + ay) i(4?+/) 

I tV/ ii4t+P) ,V(^ + 8f + i60 

Since Z„+i = E . (P,), 

I -,i«(i6/+i8»i+8n+4/ + ay) 

Z«+i- i(6»i+8n+4/ + 6jr) 

1 ^(an»+8n+4/+ i8f + i6/) 
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The mating system is the product series: 

/.(r,)»+«.(j*)«+*.(jJ*+ ...... /(xd*. 

The summation of this series gives: 

p -I 4(«+4»'+j) is I 

•"I 1»» 4(«+4»»+r) i(j + 40 r 


The constitution of the (n 4 - i)th generation is given by 

Z,+i-E.P(J. 

The value of this is: 


(8/+3»» +4r+x) 

8 

(4i>i+4«+4r4-4x) 

8 

(»i+4* + 3x + 8/) 

8 


(8/+6m-l-4» + 3 x) 
8 


(2m+4»+4r+ 6x + 8/) 
8 


Let the original cross be DD x R,, then 


o 0 
Z«- I 0 

o I 


Giving: 



1 0 0 

0 1 

I ° 

4 


0 4 

4 

p. 

- 


z,+,- 4 

0 

Ps+i- 




1 ^ ^ 

0 1 

14 

4 


0 4 

4 


4 41 


1 

4 




z,+*- 

4 0 


Z|,+i “ 

1 

0 , etc. 




i ll 


1 

4 

1 1 




4 

4 

1 


. etc. 



Dy 

4 

4 

1 





RR 

0 

4 

4 





RD 

4 

4 

I 





DD 

4 

1 

4 






(Jennings, op. at., p. 85.) 


(/) Parent'child mating for sex 
father. 

As before, we put: 
and 


i(2l+m) 

Z„- 4 (»«+ 2 * + ar+j) 

4 (^ + a/) 


linkage: daughter mated back to 


m n I 
X i I 

i{2/+m + 2r+s) 
o 

i{m + 2m+s + 2t) 
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The mating system is now: 

/. o(<j) + • o(0 x(jJo+ 


The summation is the product: 



}(2»+m) o 

1 

'’--1 0 

iiar + s) i<r + : 

2O |- 

Whence, by extension: 

l( 4 /+ 3 »« + *») 

J(4/+3»i + 2* + 2r+r) 1 

Z«+|- J(»+a* + ar+j) 

0 


i(ar + 3 r+ 4 r) 

J(»i + 2« + 2r + 3f+ 4/) 1 

Starting with the original parents D, x RR, we may write: 

1 0 O O 1 loll 

1 0 0 0 1 1 0 J 1 

1 0 0 01 

P.-1- I 0 P-" 

i 0 

P«+i“ 

1 I o o 1 1 O O 1 1 

|o 1 o| I2 

loJil 

|0 i| 

1 ° * 



Z,+*- i 0 


1 2 l\ 

1 i 2 


This gives the series: 

Ry 1 i 

i i . • ■ . 


By o 1 

1 i . 


RR 0 o 

00 ... 


RD I 1 

i i 


DD o 1 

2 i 



(Jennings, p. 

86.) 


(f) Correlation of relatives—case of father-son with sex-linked 
transmission. 

This is represented by the correlate sum of the correlates 
yn • o(0 ~ 

The coefficient being the terms of the product 

I a/V I 

\jflq 2pq' f I' 

If mating in the population occurs at random. On condensing the 
series, we obtain the following:— 

R 

D 

From which, by the product moment method, r=o. 
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(/) Correlation of sisters with sex-linked inheritance. 

The corresponding series of correlates is now: 

yn . (Os ~ (Oo- 

This yields the table: 

R H D 

R 

H 

D 

When the heterozygote is intermediate r=o*7S (Hogben, op. cit). 

(A) Marriages of first cousins for autosomal genes. 

The next illustration will be an expression for a problem of which 
Dahlberg has given an ad hoc solution. The problem is the concen¬ 
tration of recessivcs among the offspring of cousins in a system of random 
mating. 

The mating system of the grandparents is: 

I /VI 

Ph« 4/V ^Pfy 

\pY 2 P^ g* 1 

The general term of this product matrix is denoted y in what ensues. 
The offspring of the generation of grandparents is: 

y.s,. 

If these offspring mate at random with the population the mating 
system of the parents of cousins is 

^. (f, X Zh). 

The generation of cousins is found by extension of this product, 

. E . (j, X Zb). 

If each group of cousins produced by a similar pair of grandparents 
mated inter se, the mating system is: 

^.[E.(x,xZ«)]*. 

The offspring of cousins are therefore: 

:V.E.{[E.(r,xZH)]«}. 

Tables of E(ry x Zb) are given in the preceding section and the evalua¬ 
tion of E{[£(P)j*} is given in section 2 (9). From this it is found that all 
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powers higher than/* vanish in the first term of the zero group so derived. 
The exact expression for the concentration of recessives among offspring 
of first cousins is thus the value given by Dahlberg (i), 

(/) Correlation of cousins—autosomal case. 

Using the same symbolism as in the previous example, the generation 
of cousins is: 

jv.E(x,xZb). 

The contingency table is formed by summating; 

y.[E(x,xZft) ~ E(j,xZb)]. 

This at once gives the table: 


R 

H 

D 

When the heterozygote is intermediate this gives r=0’i35 agreement 
with Fisher’s (a) finding and contrary to the value given by Snow (j). 

(k) Assortative mating—the sex-linked case. 

We shall first consider the case of assortative mating, when trans¬ 
mission is sex-linked, R males mating with R females and D males with 
R or H females. Clearly we may write for the mating system 

o o I 

y * r 

I X X I 

y o 

* >+* I 

* x+y I 

y o \. 

y+M y+M I 

Let the original cross be RR x Ry. This gives H and Ry which, when 
mated, give H and R females and D and R males. Assortative mating 
under the above restriction now begins: 






I* * 

z»- * O 

I o i 

li » 

2ii+*~ i o 

It I 

It H 

Z«+4“ A O 

IH H 
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P.-l' 


P««- 


1 i 0 0 


li i| 


1 i 0 0 1 


1 

i 0 

PiM-l " 


to 0 


li il 


0 i il 

1 1 0 0 1 


1**1 


1 ^ 0 0 1 


j 

* ° 

P««- 


lo i I 


1 tV tV 


0 I’ff tvI 


We thus obtain the series given by Jennings (pp. 83-84). If trans¬ 
mission is not sex linked, and the only restrictjon is that R mates with R, 
the relevant matrices are: 

I X X 

y y 

t t 


Whence, by extension, 


X 



o o 

y 

y-¥M y-^a 

JSL JL 

y+a y+$ 



x + -T ^—r 

4(1 -x) 
7^{iy+«y 


The last is equivalent to the general expression given by Jennings (p. 67). 

The identity of the correlate and product form for the symmetrical cases 
renders the proposed notation suitable to deal with systems of assortative 
mating involving a known correlation of parental genotypes. 


6, Concentration of Recessives among Offspring of 
Relatives in a System of Random Mating. 

The foregoing illustrations will, it is hoped, suffice to illustrate the 
use of the notation proposed and to justify its validity. A summary of 
the matrix formulse for offspring of consanguineous unions will now be 
given, and evaluated for the terms a and el in the P-matrix representing 
the offspring of parents of the specified degree of relationship in a popula¬ 
tion mating at random. Similar results have already been arrived at by 
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Professor J. B. S. 

Haldane, F.R.S., using a different method. Professor 

Haldane kindly forwarded to me a summary of his 
have not yet been published. 

own findings, which 

(a) Autosomal genes. 


Relationship of 
Parents. 

Matnx Formula. 

Recessives. 

Unrelated 

E.(Zb)* 

P' 

Parent-child 

y .E(«,xr,) 


Brother-sister 

y.E(r,)* 

i</>+3P*) 

Uncle or aunt with 

y . E[E(f,xZn) xr,] 

4(/ + 7/*) 

niece or nephew. 
First cousins 

y.E{rE(r,xZR)J*} 


Second cousins 

y.E{E[E(j,xZH)xZR]}* 


Grandparent and 

y . E{e, X E(j, x Zr)} 

i(/ + 7/»*) 

grandchild. 



(A) Sex-linked 

genes. 


Relationship of 
Parents. 

Matrix Formula 

Recessive Females. 

Unrelated 

E(Zr)* 


Parent-child 

JI'.E(r,x.,) 


Mother-son 

JI’.Ero(r,)x(0.] 


Father-daughter 

>'.E[(r,),x,(e.)3 

4(/+/*) 

Brother-sister 


+ .!/*) 


Maternal cousins (male with mother’s sister’s daughter, or female with mother’s 
sister’s son) 

y. E{[E(r.)o x ,(Zr)]*} MiP + 

Paternal cousins (male with father’s brother’s daughter, or female with father’s 
brother’s son) 

jl-.E{[E,(r,)x(ZB)o]*) 

Cousins (female with mother’s brother’s son, or male with father’s sister’s 
daughter) 

y . E{E[(r,), x ,(Z„) 1 , x ,E[,(r.) x (ZiOJ} 

Cousins (male with mother’s brother’s daughter, or female with father’s sister’s 
son) 

y . E{aE[(r,), x.(Zh)] x Efod.) x (Zh)Jo} HP + 7 /*) 


Male to paternal aunt 


y.E{(x,).x,E[o(r^x(ZB)„]} 


Male to maternal aunt 


y . E{(5,)oX,E[(i,),x,(Zr)]} 

4 ( 3 /+ 5 /*) 

Female to paternal uncle 


y.EU(r,)xE[,(f,)x(ZR),],} 

4(/+a/*). 

Female to maternal uncle 


>.E{o(r,)xE[(r,),x,(ZR)3,} 

4(/ + 7 /*>. 
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In all cases the frequency of males is the same as in random mating 
in general, i.e. d—p. 

(c) Half relationships. 

To apply the notation employed throughout this communication to 
half-sibs, half-uncle or -aunt and nephew or niece, half-cousins, etc., it is 
only necessary to substitute throughout the P-matrix 

E{o(e,)x(ZB)o} or E{(e,), x b(Z„)} for r,. 

One example will suffice. For the concentration of reccssives in off¬ 
spring of half-brethren, when transmission is autosomal we take the term a 
in the P-matrix, 

E.[E.(O.Xo(Z„)]*. 

This gives: 

KP + 7/*). 

7. Summary 

A matrix notation suitable to determine the characteristics of different 
systems of inbreeding and the correlation of relatives in Mendehan 
populations and applicable to single autosomal or sex-linked gene sub¬ 
stitutions is given. Certain expressions constantly recur in problems of 
inbreeding or correlation With the aid of the proposed nutation, tables 
of matrices which embody these recurring expressions can be drawn up 
once and for all. Such tables are given herewith. The operators defined 
reduce the unwieldiness of the expressions obtained and lead to general 
expressions from which a number of established results arc easily derived, 
and some new theorems of inbreeding have been deduced. 

I am indebted to Miss P. Moshinsky, B.Sc., Mr E. A. G. Shrimpton, 
B.Sc., and Mr Cecil Gordon, M.Sc., for checking the results given; and 
also to Professor J. B. S. Haldane, F.R.S., who has kindly read the type¬ 
script and made useful criticisms. 
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III.— Supernumerary Pectoral Fins in Rata dradaris Loudon. 
By W. F. Harper, Ph.D., M.B., Department of Anatomy, 
University College (University of St Andrews), Dundee. Com^ 
municated by Professor A. D. PEACOCK. 

(MS. received May 30, 1932 Amended MS. received August 2, 1932. 

Read November 7, 193a.) 

A MALE Sandy Ray {Rata circularts Loudon) caught in the North Sea, 
off Aberdeen, measured 47*5 cm. broad by 43 cm. long (excluding the 
tail) and exhibited an abnormality which is of very rare occurrence. 
This consisted of two well-developed fins situated ventrally and associated 
with the pectoral girdle and the last two branchial arches The measure¬ 
ments of the fins in the formalin-hardened specimen were as follows: 
length, 8 cm.; breadth at base, 1*3 cm.; breadth at free end, 2 cm. (left), 
3-2 cm. (right); thickness at base, 0*7 cm. The integument covering the 
lateral and medial borders of the proximal portion of each fin was con¬ 
tinuous with that over the fourth and fifth gill clefts respectively. In 
addition, a strong fold of integument bound the proximal fourth of each 
fin to the ventral aspect of the body of the fish (fig. i). A brownish- 
red pigment was present on the ventral aspect of the terminal third of 
each, and a less marked pigmentation of the same colour on the dorsal 
aspect of the middle third. Small denticles, similar to those found 
elsewhere on the fins, were numerous on the distal third, but were more 
abundant on the dorsal aspect. 

Broadly oval in transverse section in their proximal two-thirds, each 
fin flattens out and expands somewhat towards its free end, this being 
specially marked on the right side. A single stout bar of cartilage forms 
the basal suppwrt of each fin and extends two-thirds of its length before 
articulating with its radial elements. The terminal portion of each fin 
is supported by a series of six more or less parallel jointed radialia. A 
strong fibro-elastic band, springing from the anterior part of the coracoid, 
in front of, and medial to, the anterior facet for the propterygium, binds 
the basal cartilage to the pectoral girdle. Several fibres of this band are 
prolonged downwards and backwards to the margin. of the anterior 
scapular fontanelle. From this attachment the fin, in the proximal part 
of its course, passes downwards and backwards in front of the articulation 
between coracoid and propterygium, and this buried portion is bent 
almost at right angles to the main body of the fin. 
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The pectoral girdle and pterygial elements were normal except that 
there was a small lateral facet on the coracoid where it articulated with 
the basal cartilage of each hn. 

The main muscular mass of the fin has a double origin: by an outer 
head from the medial surface of the propterygium for approximately 
I inch anterior to its junction with coracoid (fig. 2, A), and by a smaller 



Fio 3.—DiuecUon of pectoral girdle of Rate nrntlens Loudon, to iihow attuchinent* 
of right fin (ventral upect) 

head from the anterior aspect of the coracoid (fig. 2, B). Numerous 
muscle fibres, derived from the muscles of the fourth and fifth branchial 
arches, enter the outer head. From this double origin the two heads 
rapidly unite and pass directly on to the basal cartilage, around which they 
form a soft and fleshy mass. The basal cartilage along the proximal 
fourth of its lateral border is also firmly adherent to a strong fascial 
layer reflected on to it from the inferior margin of the propterygium. 
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This fascial interval lies between the origin of the outer head of the fin 
muscle and the large pectoral muscle (fig, 2, C). 

Each fin is innervated by a nerve derived from the third and fourth 
spinal nerves. The nerve reaches the medial aspect of the base of the 
fin by passing through a foramen in the coracoid. Here it bifurcates, 
one division continuing along the medial aspect of the fin, the other passing 
deeply in front of its attachment, to the lateral side 

In addition to the abnormality described, the fish had a deep notch 
in each pectoral fin near the snout, and abnormally small copulatory 
claspers (fig. i). 

The development of such supernumerary fins in this situation is 
difficult to explain. Professor E. S. Goodrich, who kindly examined 
photographs of the specimen, suggested that they may be derivatives of 
the large pectorals The latter were therefore carefully examined and 
found to have three fewer radials on the right side and two fewer on the 
left side, as compared with a normal specimen of the same species and 
sex It is possible, therefore, that during development these extra fins 
have been squeezed out of the large pectorals, and, if so, the nerve supply 
indicates that they are derivatives of their anterior region. It should 
be borne in mind, however, that the number of radial elements is probably 
not constant within the same species. 

The only reference to a similar abnormality appears to be a short 
note by Johnstone (3) on the occurrence of a unilateral ventral pectoral 
fin in Rata maculata. The fin described by him was situated on the 
right side and measured 5-6 cm. long. The fish was approximately half 
the length of the present specimen, and that author also noted an abnormal 
notch on the right side of the pectoral fin in front, indicating incomplete 
fusion with the anterior region of the trunk. 

Less unusual is the occurrence of a supernumerary pectoral fin on 
the dorsal surface, an abnormality which was first noted by Lacepede (4), 
who described the specimen as a distinct species under the name of Raia 
cuvtert. Gervais (2) and Rennie (5) recorded somewhat similar abnor¬ 
malities. Bateson (1), in his Matertals for the Study of Vartation, 
quotes several cases of extra fins in Raitdee which appear to be of the 
same nature. 

I am indebted to Dr H. C Williamson for the specimen from which 
the above description was made, and to Professor D Rutherford Dow, 
in whose department this paper was prepared. 
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IV.~On Properties of Null Geodesics, and their Application 
to the Theory of Radiation. By W. O. Kermack, M.A., 
D.Sc., W. H. M'Crea, M.A., Ph.D., and Professor E. T. 
Whittaker, F.R.S, 

(MS. received June 27, 1932 Read December 5, 1932 ) 

I. Introduction .—In a previous paper* an expression was given by one 
of us for the Doppler eifect in a de Sitter universe. In the present com¬ 
munication an attempt is made to obtain a more general expression for 
the Doppler effect, and for this purpose certain results have been derived 
relating to the properties of null geodesics in a general Ricmannian space. 
In the paper referred to, the problem of defining spatial distance in 
general space was discussed and certain formulae suggested which satisfy 
the essential conditions associated with the idea of spatial distance. 
This problem has now been approached from a different standpoint, 
and a new formula of more general form is now put forward. In the 
final section of the present paper a physical interpretation is given of the 
theorem relating to null geodesics which is proved in the first section. 
This involves a discussion of the concept of energy m general relativity, 
in order that a decision may be arrived at as to what law governs the 
transference of energy by radiation from one point to another. It appears 
that when the simplest and most natural assumptions are made for this 
purpose, then these are precisely the assumptions which arc necessary to 
ensure the general consistency of relativity with the principles of quantum 
theory. This is illustrated by an application to a statical universe, and 
to the reddening of light in an expanding universe 

I. Theory of Null Geodesics. 

2. Transport Vectors along Null Geodesics .—Consider any Riemannian 
space V„ whose metnc is specified by the equation 

. 

ft 

Let r be a null geodesic in V„. At any point C of F take a null vector 
which has the direction of the null geodesic F at C. This fixes 
save for a constant multiplier which will be chosen arbitrarily at the 
* E. T. Whittaker, Troe. Roy. See., A, vol, cxxxiii, 1931, pp. 93 -ioS- 
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point C. Now let the vector ij*, thus completely specified at C, be 
carried from C along the null geodesic V by Levi-Civita parallel transport, 
so that a null vector is thus specified at every point of F; it will 
evidently be directed along the tangent to F at every point. We shall 
call It a transport vector belonging to the null geodesic. 

Write now 

’’--ST.<”> 

where dx^ corresponds to a displacement along F. This introduces a 
new variable A, which in the theory of null geodesics plays much the 
same part as the interval “s" plays in the theory of ordinary geodesics. 

Since the transport vector is carried from one point of F to another 
by parallel transport, we have 


Thus the equattons of the null geodestcs have precisely the same form 
■when A is taken as independent variable, as the equattons of the ordinary 
geodesics have when the interval s ts taken as independent variable. 
Hence we readily see that if we write 

then the equations of the null geodesics may also be written 


A Theorem on Null Geodestcs. —Let F, F' be neighbouring null 
geodesics in V„ C being a point on F, and C' a point near C on F'. Let 
•q* be a transport vector along F, and let -q, be its covariant form. Write 

.(a.6) 

r 

where denotes the value of this transport vector at C, and 8 ^* denotes 
the vector CC'. Then we shall prove that J is independent of the choice 
of the direction CC', and ts also independent of the position of the point 
C on the null geodesic F, so that J depends only on the two geodesics as 
a whole and not on any particular points on them. (Theorem I.) 

From (22) we have at C 


2 ^. 




dx^d^xfi 

'^AdA”®- 


(a -70 
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To the neighbouring point C' on the null geodesic T' may be attributed 
co-ordinates and the parameter A'=A + 8A. But we shall 

have at C' 

^ , dx'r dx‘* 

. 

Substituting then for x'*, etc., and expanding to the first order, and 
subtracting equation (2.71) we have 

dj^ difi dx* dxf dh\ 

The last term vanishes by (2.71). Also we have from (2.5) 


^ —iy 

a*' • d\ ‘ d\ “d'^^^^lkr 


Thus (2.8) becomes 




or, changing the dummy suffix, 




y, ■- constant. 


which proves the theorem.* 

3. An Extension of the Theorem. —Consider the null geodesic F 
passing through the point C, and consider all the neighbouring null 
geodesics which near C are parallel to F, of which there are oo"-i. Let 
H* be a null vector at C directed along F, and form the scalar J corre¬ 
sponding to this 1}* and any one of the neighbouring parallel null geodesics. 
Corresponding to any particular value of J there will be oo*-» of these 
geodesics. Then this set of oo*"* null geodesics lies in a V*_i which 

• This theorem is a generalisation of a theorem proved by J. L. Synge and A. J. 
M'Connell, Phil Mag., (7), vol. v, 1928, pp. 241-263. Their theorem (equation (5 S) of 
their paper) may be obtained as a particular case of the one given here by supposing that 
the points C, C' are correlated to each other by the condition that a certain parameter is 
to have the same value at C' as it has at C. Reference may also be made to a paper by 
C. Lanezos, Zs.f. Phystk, vol. xvii, 1923, pp. 168-189. 

P.a.B.B.—VOL. UII, 1932-33, PAXT I. 3 
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intersects a local fiat subspace S,-, if (n~i) dimensions at C in a local 
fiat subspace S»_, of (« - 2) dimensions. This S«_, is p>erpendicular to 
theprojecHon ofTtn S,-i. (Theorem II.) 

Since this theorem refers only to the neighbourhood of C it is sufficient 
to prove it for the case of a local flat space S,. For we shall assume there 
is no singularity at C, or in some neighbourhood of C. 

Choose then any set of local rectangular axes at the point C, and let 
the direction ratios of P be (A^, A^ . . . , A«). Then 

Ai*+A,*+ . . . +A,*-o.(3.1) 

The vector will have components (ijAj, i;A|, . . . , i?A,), where is 
some constant. Any point on a parallel null geodesic through the point 
(2^11 Xt, , x^) will have co-ordinates (x^ + pAj, x* + pA„ ... . , sr, + pA,), 
where p is a variable parameter. Hence, since we may take the vector 
8^* to be (xi, Xt, , Xn), we have 

J-<*A+*^+ . . . +*,AOij. . (j.a) 

Therefore J remains constant as long as (Xi, x„ ... , x^) lies in the hyper¬ 
plane 

*iA,+x,A,+ , . . +*,A,-J/»j. (3.3) 

Further, any one of this family of parallel geodesics which passes through 
one point of (3.3) will lie wholly in this hyperplane, as is seen at once by 
substituting (Xi + pAi, X* + pA„ . . . ,ar,+pA,)for(xj,x„ . . . ,x,)in( 3 - 3 ) 
and using (3.1). It follows at once that all points in which these null 
geodesics cut any local subspace S,.t lie in a local subspace S.-i 
Furthermore, this is perpendicular to the projection of the original 
null geodesic in this S,_i. For, take this to be Xi=o, the pro¬ 
jection of the geodesic is given by 



so that the direction cosmes of the projection are (Xg/o, \$fo, . . . , A„/o), 
where o=iAi. The S,_t is 

Vi+V»+ • • . +A,*,-J/i,, ( 3 . 5 ) 

which is obviously perpendicular to (3.4). 

If now we consider in the original V, all the 00"***' null geodesics 
which near C are parallel to P, then at a distant point Ct along P they 
-#111 no longer be strictly parallel to P. But by taking the neighbouring 
geodesics sufficiently close together at C, they can b® made as nearly 
parallel as desired at Ci. For we shall assume that there is no singularity 
on the part CCj of P, or in that neighbourhood of CCi which contains 
the relevant portions of the neighbouring geodesics. 
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Now we can class these geodesics according to the value of J at C. 
But by Theorem I all the oo*“* null geodesics which yield a particular 
value of J for one point of V still yield the same value for any other point 
of r. It follows that the class of oo»-* null geodesics, which lie in a flat 
subspace S^-i in the neighbourhood of one point on T, will continue to 
lie, to a first approximation, in a flat subspace (another Sn-O in the 
immediate neighbourhood of a second point on F, even when this is 
distant from the first point. Clearly, this group of null geodesics lies in 
a null hypersurface V^-x, to which the local flat subspaces S„_i are 
tangential. It may be noted that this Vn-i has a fundamental form 

2, . . . , »|-2) . (3.6) 

where there are only (n-2), and not («-i), x’s; and where is a 
function of these x's, and a parameter A serving as a curvilinear co-ordinate 
along the null geodesics. Also for the particular value J = 0 the original 
geodesic F lies in this V„_x. 

II. Spatial Distance. 

4. A New Definition of Spatial Distance in General Relativity. —We 
shall now consider the special case where the V„ is a space-time manifold 
of four dimensions, and the null geodesics give the histohes of light 
pulses. 

It has been pointed out * that spatial distance in its simplest aspect 
is a function of two point-events in space-time, which exists only when 
the two point-events are on the same null geodesic, i.e. when light emitted 
at one reaches the other. 

We take a "star" A and an observer B whose world-lines intersect a 
null geodesic F at points Cj, C# respectively; so that Cj, Co are the point- 
events whose distance apart we wish to determine. Let a variable A be 
determined on F (save for a multiplicative constant) by equations (2.3). 
Then we may define the element of spatial distance along the null geodesic 
F to be dh. The multiplicative constant is to be fixed by the condition 
that, in the case where the star A and observer B are very near each 
other, this definition of spatial distance is to agree with the usual definition 
of spatial distance, which holds only for objects in B’s infinitesimally 
small, instantaneous, three-dimensional space. 

Let the line-element from the observer B at the instant of reception 
of the light, to the star A at the instant of emission of the light, when 
they are infinitesimally close to each other, be (rfx®, dx^, dx*, dx*) , and let 
(w„ wi, wO covariant components of a unit vector in the 

* E. T. Whituker, Proc. Roy. Sec., A, vol. cxxxiii, 1931, pp. 93-ioS- 
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direction of the observer B’s world-line. Then the distance AB, in B’s 
instantaneous space, is measured by the interval of B’s proper time 
between the emission of the light and its reception—that is, the projection 
of the element dx^, dx\ dx*) on B’s world-line, or 

+ + ( 4 ‘*) 

The element of spatial distance, dX, must reduce therefore to this value at 
the observer’s world-point. But from the definition of A we know that 

.( 4 .a) 

where k is an unknown constant, and Y is a known function of 
(jT®, x^, X®, **). Hence at the observer’s world-point Co(ar,®, x^, x,\ x^*) 
we have 

(/x® 

totdifi + - ^1 - a.^r - ^i) - (4-3) 

Now the spatial distance A is to be given by 




A-J A 

or, from (4.2), 

-I 

^ dsP 

,,AY(*®, x‘, ‘ 

or, from (4 3), 




>[".+».(g) 


where 

0^), 

0^, (S). 


relate to the direction of the null geodesic F at Cq. This is a new general 
formula for spatial distance tn any kind of curved space.* 

5. Spatial Distance tn the de Sitter World .—^The de Sitter world is 
defined by the metric 

rff* </«* - <fic* - - rfs® {udu-xdx-ydy-sdt)' , ^ 

R*“ I 

It can be shown that the transport vector t)** along a null geodesic in 
this space-time manifold is, apart from a constant factor, 

_ I’-X, ■ . (5.,) 

® In a forthcoming paper it is proved by H. S. Ruse that this definition of spatial 
distance is precisely equivalent to that previously given by him, Proc. Roy. Soc, Edtn., 
vol. lii, 1933, pp. 183-194. 
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where X = l + *• +y* + *• - «•. Hence from (4.2) 

iY(«, jc,>, +«»-«» 


Therefore (4.5) gives 

A-(r+V+V+V-»o*) 

and the integration is taken along the null geodesic 




(S. 4 ) 


«,-«j >o->, 

Hence 

A-(i+a:,«+V + «o*-0 

[w,{«o - *i) + WiCaCj - *^ + rojCVo -^j) + - a^](«o - «*i)£' a« «' +,h« + B 

where 


(SS) 


(5.6) 


A - (*o - *,)•+(><0 -^ 1 )*+(s, - »,)* - («o - «i)* 

H - - *i)(xi*<p - *o«i) + O'* ->’i)0’i»o + (»»- «i)(«i«o - *o«j) 

B - (*!*, - «p*0‘ + 0'l«0 -JK.*!)* + (»1«0 - «0»l)* + (»B - 
and, since CpCi is a null geodesic, AB=H'. 

Performing the integration in (5 6) we have, after some reduction, 

A . + roi(*o - *^ + WpCro ~yd + w.(»o - * 1 )} (S-7) 


This is the formula for spatial distance in the de Sitter world 
according to the foregoing definition. 

In the case previously treated by Whittaker {loe cit., p. 101) B’s 
world-hne was restricted to be parallel to the axis of «, so that at C# 


Writing 


we find in this case 


f,-I+*0*+V + »0* 

fi-i+V+V+»i* 

5-i+Xp*j+^pyi + So»i 


“ vT.Vf 7 

The formula found from Whittaker’s previous definition of A was 


(s« 


VfiVS^'. 

The formula (5.8) can be shown by means of a suitable transformation 
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to be equivalent to that given by an application of Ruse’s definition to 
the de Sitter world.* 

III. Propagation of Light in General Relativity. 

6. Wave-fronts. —We shall now apply the results of Section I to the 
theory of the propagation of light in general relativity. The V. is again 
the space-time manifold. In Theorem II the S,_, now corresponds to 
a wave-front which is, in the local space of three dimensions, determined 
by the motion of the local observer. The history of the wave-front will 
be represented by the aggregate of null geodesics passing through its 
points, and such that their projections in the local space are normal to 
the wave-front. This will be true if the set of geodesics is determined in 
the manner indicated above. Theorem II shows that if this condition 
is satisfied at one point, then it is satisfied at all points along the geodesics. 
This corresponds, therefore, to the fact that the history of a wave-front 
predicted by means of the null geodesics through its points is the same 
as that obtained by supposing the wave-front always to move forward at 
right angles to itself, with a velocity equal to the velocity of light as given 
by the geodesics. Two successive waves of light will be represented by 
two wave-fronts in a local space, or by two parallel sets of geodesics in the 
four-dimensional manifold. The actual wave-length determined by an 
observer will clearly be the perpendicular distance between the wave-fronts, 
corresponding to these geodesics, in his local instantaneous space. Alterna¬ 
tively, it is the interval between the points of intersection of the two S,-i’s, 
given by the two sets of parallel geodesics, with the observer’s world-line. 

7. The Doppler Effect in General Relativity. —Consider two observers 
A, B at points Ci, Cq respectively on a null geodesic P. Let rj* be a 
transport vector along P, and let o’?*, tV* b® *ts values at C#, Cj respectively. 
We shall regard P as belonging to some wave-front observed by A and B, 
and shall consider the set of neighbouring null geodesics which determine 
the succeeding wave-front. We have seen that these all correspond to 
the same value of the invariant J along P. Let the V,-i determined by 
these geodesics cut A’s world-line at a point Ci', and B’s world-line at a 
point Co'. Then, from the above discussion the interval CiCi' gives the 
wave-length Aj as observed by A, and C,Co' gives the wave-length A, as 
observed by B. If />„ or, are unit covariant vectors along the world¬ 
lines of A, B respectively, then the covariant components of the vectors 
CjC/, CoCo' are 

^iPii A®d (AoOg, Aotaj, AotVi, AoO|). 


• H. S. Ruse, loc . cit ., { S- 
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Equating the values of the invariant J for the points Cj we now have 
therefore 


or 


9 f 


^ + iv'pi + in'pt+in*P» 


(7.1) 


This is the formula for the Doppler effect in general relativity. It is 
evidently symmetrical between the two observers. 

We can give a general definition of “relative rest” by saying that 
A If at rest relative to B if the vector p, is obtained by the parallel transport 
of the vector «r, along P from C® to Cj. This is evidently the simplest 
generalisation of the classical notion of two particles moving with equal 
velocities in parallel straight lines. 

Now the vector -q* is also carried along P by parallel transport. 
Hence, if A is at rest relative to B, the quantity carried along P 

by parallel transport, and so, being a scalar, it is a constant, i.e. 


p p 

or, in (7*i), 

Ap—Aj 

Thus when A if at rest relative to B, in this general sense, then there 
is no Doppler effect between A and B. This result was also found by 
Lanczos (foe. cit., p. 177). 

The converse is not true. It does not follow that if the Doppler 
eflPect vanishes, then the observers are instantaneously at rest relative 
to each other. An example of this is provided by the case of special 
relativity. 

It docs not appear to be true that when A is at rest relative to B in 
the present sense, then the spatial distance of A from B as defined in 
this paper has a stationary value. 

7.1. Attention must be drawn to two points in connection with the 
derivation of equation (7.1). 

First, we have to assume that the two sets of null goedesics corre¬ 
sponding to two successive wave-fronts, which are parallel at Ci, are 
close enough together to be also nearly parallel, to a sufficient approxi¬ 
mation, at the point Cp. If this is not so. Theorem II is not applicable. 
But, further, it will not then be possible in any case to interpret the phe¬ 
nomenon in terms of wave-length. For waves at Ci will then become so 
distorted before they reach Cp that they cannot be recognised as waves 
at all 
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Second, it must be pointed out why it was necessary to consider the 
value of J determined by the doubly infinite set of null geodesics passing 
through the points of the wave-front. It might appear that one geodesic 
neighbouring to F would serve to determine by its distance from F the 
wave-length of the corresponding light. But the fact is that if for one 
observer two light-quanta appear to be on the same "ray," so that in his 
neighbourhood they lie in a plane through his time axis, then they will 
not appear to be on the same “ray" for a different observer. So, though 
they may serve to determine a wave-length for the first observer, they 
cannot be so used by the second observer. 

In purely geometrical optics in relativity it is sufficient to think of 
rays as determined by individual null geodesics by their projections on 
the instantaneous space of the observer concerned. For an)rthing of the 
nature of physical optica, on the other hand, when we wish to think of 
simultaneous events along a ray in order to determine, for example, the 
wave-lengfth of the light, then the ray is constituted by the intersection 
of a sheet of null geodesics with the instantaneous space. Such a “ray" 
will not transform into a ray for a second observer moving in a different 
manner. We must therefore bring in the idea of wave-fronts. We have 
shown how to find the wave-front for any observer once it has been 
determined for a given observer The corresponding "ray” for any 
observer is then a suitably drawn normal to the wave-front in his in¬ 
stantaneous space. 

8. The Doppler Effect tn Special Relativity. —We shall now deduce 
the formula for the Doppler effect in special relativity. We therefore 
take 

els*^c*dl*-dx*-dy*-dM\ (8.i) 

so that 

or 

ri^-clrf‘, . (8.a) 

where rjo, I, m, n are absolute constants, and P + m* + H*=i. Now 
suppose the system of reference has been chosen so that the observer B 
is at rest, so that 

Wfl-i, Wi-ro,-w,-o. (8.3) 


Further, let A be on a "star" whose velocity is w, so that 


(p9f Pi,hiP*> 



d^i- 


c* 



where (x, y, e) are the three components of w. 


(8.4) 
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Substituting then in (7.1) we find 





where w, is the radial component of w towards the observer. This is 
the formula for the Doppler effect tn special relativity, when the observer 
is assumed to be at rest. 

9. The Doppler Effect in the de Sitter World. —We shall now find 
the Doppler effect in the de Sitter world given by the metric (5.1). The 
transport vector ij* along a null geodesic is given by (5.2). Taking this 
geodesic F in the form 

xmau + a\ y^bu-^d, »=^eu + c' . (9.1) 

it can be shown that the covariant form of i}" is given by 

Vi+**+>« 

where 

yj - a'R*Va*+i»+f»-i - «R*Vi + o'* + b '*+1'* 
y, - i'R*Vo» + ^*+f*-i - *R*Vi + a'» + b'* + e'* 

y, - f'R« Vtf»+^*+^* -1 - cRWt+d^+W+?*, 
so that the y, depend only on the direction of F and not on the particular 
point P(«, X, y, a) on it at which is evaluated. 

Thus the general formula (7.1) for the Doppler effect becomes, in the 
case of the de Sitter world, 



where p* is the unit contravariant vector in the direction of the motion 
of the observer A at C,(«x» J'l* •»!)» ro* is the unit contravariant 
vector in the direction of motion of the observer B at Co(«„ x^, yt, 
and y, is a covariant vector in the direction of the null geodesic CxCg. 

This formula is valid whatever be the position and motion of the two 
observers, and so is more general than the formula given in Whittaker's 
previous paper (Joe. eit., p. 104, equation (27)). In order to derive this 
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last-mentioned formula, we suppose that the observer’s and star’s world- 
lines are both parallel to the axis of u, so that 




Thus the formula (9.3) becomes m this case 

Aq Vi+V+V+st«-V + 

VI+ V +>o*+V - V Vi+*i*+V + »/ 
which is at once seen to be equivalent to the formula of the previous 
paper, namely, 

Ai“cos(a+p)’ 

since we have 

Vi+*,*+y,*+Si*-«i* , ^ Vi +«,*+>’#*+So* - *«* 

cos <r - — -7= i- ^^ COS(<r+p)--- » ■■ ■ « . 

. V 1 + Xi* +^1* + »,• V I + *0* +>B* + f o» 

IV. Energy Transport in General Relativity. 


10. The Energy of a Material Particle and of a Photon. —The most 
important property of energy and momentum is that they are conserved. 
Now in general relativity it turns out that a certain tensor, T'*, has the 
property that its divergence vanishes, i.e (T>^,=:0. This may be inter¬ 
preted as the condition that it should represent some physical magnitude 
which is conserved, and it is, in fact, well known that this tensor represents 
the momentum and energy-density at any point in the universe. If now 
we consider a single isolated particle represented by a narrow tube in 
this universe, it may be shown* that the above result leads to the 
equation 

where is a constant, and s is the interval measured along the narrow 
tube. Hence the motion of a single isolated particle is necessarily a 

geodesic. But, further, equation (10 1) shows that the vector >* 

carried along the world-line of the particle by parallel transport, so that 
this vector is physically conserved during the history of the particle. This 
* Eddington, Mathtmatiral Thtory of RtUHvity, 1934 (snd ed,), ] 56. 
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vector then appropriately represents the energy and momentum of the 
particle. It may readily be shown that in a local Euclidean space the 
components of this vector do, in fact, represent the three components of 
momentum, once the fourth component along the time-axis represents 
the energy relative to an observer at rest in this space-time framework. 
Thus the energy as measured by any observer is the product of this 
momentum-energy vector, with the unit vector directed along his world- 
line. 

It is convenient in passing to distinguish, and appreciate the relation¬ 
ship between, the three senses in which the general term “energy” may 
be employed. First, the energy density in space is given by a tensor of 
rank two; second, the energy of a single system is given by a tensor of 
rank one (a vector); while, third, the energy actually measured by any 
observer is a scalar found in the way indicated. 

Now in the present paper we are dealing with light pulses whose 
world-lines are null geodesics, so that the energy of a pulse is appropriately 
represented by a vector just as the energy of a particle is represented. 
The vector will, however, in this case be a null vector. The principle 
that it must be conserved along the null geodesic leads to its identification 
as a transport vector along this geodesic. 

It may readily be verified that if at any point E represents the energy 
of a light pulse passing that point, then the components of the covariant 
vector (E, /E/<r, wiE/c, nE/tf) give the energy, together with the three 
components of momenta in the directions of the three spatial axes in the 
local space of the point; and it is a null vector in this space. 

We are now in a position to show that Theorem I has an interesting 
physical interpretation. 

r I. Comparison of Relativity Theory and Quantum Theory .—Suppose 
again that we have two observers, A, B, situated at different points, Co, Ci, 
on a null geodesic. A light-quantum is emitted at Co and observed at C^. 
Suppose that in A’s local co-ordinates this light-quantum has energy E. 
There are two distinct methods of calculating the wave-length as observed 
by B. According to the Quantum Theory, the frequency as observed 
by A will be E/h, and the wave-length therefore hcjE. This, then, 
determines the distance between two wave-fronts in A's space. The 
corresponding families of geodesics will then determine, in the manner 
described above, the wave-fronts in B’s space. This space is fixed by a 
knowledge of B’s world-line, and hence the wave-leng^ A as observed 
by him can be derived. But, alternatively, we may have regard only to 
the energy emitted at Co and transferred to C^, where it is observed by B 
in his space in accordance with the quantum conditions. In this way 
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he will ascribe to the quantum a wave-length A', say. Clearly, if the 
theories of relativity and quantum mechanics are to be consistent, we 
must have A=:A'. 

Let us now form the invariant J at the point Ci. The point C/ will 
be taken in the local space of B, so that it lies in the second wave-front 
and so that CiCj' is perpendicular to the wave-front in this apace. Then 
CiCi' is the wave-length determined by the geodesics passing through 
the wave-front, which has been determined initially at the point as in 
the hrst method. Thus CiCi'=A,. 

Let (/j, m-n «i) be the direction cosines of CjCi' in B’s local space. 
Then, by what has been proved above, (/j, nti, n{) are the direction cosines 
of the projection in this space of the geodesic, along which the light pulse 
is travelling. Thus the energy-momentum vector is (E„ /jEi/c, ntiEJc, 
HiKifc), where Ei is the energy as observed by B. Whence 

Ji “ Ai/i*Ej/r+Ai<fij*Ej/f+Ai«i*Ei/r 

-AiE,/^-A,/, .(ii.i) 

where Jj, Aj, Pi are the values of J, A, and the momentum p, as measured 
by B. Since J is invariant and its value Jg at Cg has been chosen to agree 
with at that point, then 

But by the second method the wave-length A' is determined at Cj by 
the equation 

K'Pi-* .(iia) 

where now A is the value of Planck’s constant for B, which, however, 
we shall assume to be the same as for A. 

Hence it follows that 

Ai-Ai'. ... (11.3) 

This proves that the wave-length determined by these two methods 
is the same, provided the energy-momentum vector is carried by parallel 
transport; or, alternatively, that a necessary condition for the congruity 
of the results is that the energy-momentum vector must be carried as a 
transport vector. 

This result means that tA^ Doppler ejfect in general relativity as 
calculated from tAe wave tAeory of ItgAt agrees always witA tke Doppler 
effect as calculated from tAe energy of tAe associated ligkt-‘quanta. 

It may be instructive to give one or two examples of this result which 
can be treated independently of the general theory of this paper. 

I a. The StaticcU Universe .—Suppose that space-time is statical so 
that its metric can be specified by an equation. 
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I 

where dP-'^g^x^dafl (la.i) 

where the g't are functions of the spatial co-ordinates (x\ x*, x^ alone. 

Consider a set of observers who arc "at rest” in this statical world, 
so that their world-lines are 

af^-const., **-const., **-const., 
and therefore the unit vector we have denoted by ro' is given by 

o.o.o)-(^. 0.0.0). 
or 

«r-(V^ O, O. O). . (12.2) 

Let now Y be a transport vector along the geodesic which gives the 
path of either a material particle or a photon. Then, m accordance with 
the identification of this vector with the energy-momentum vector, the 
energy E of the particle or photon as measured by one of these observers is 
proportional to the projection of on his world-line. i.e. 

E - const. comt.Vg^ip 

-const. V^^^(org) . . (123) 

dt/ dt\ 

where ^taken along the geodesic (or null geodesic). But m 

the metric (12. i) the equations to the geodesies possess the integral 

dt dt ^ ^ 

^'oo^-const. or ^oo^"const. . . (12.4) 


Hence from (12.3), (12.4) we have 


E 


const. 


(»a-5> 


Now. to treat the question from the standpoint of the wave theory, 
we notice that for an atom at rest at a point Pj. if </t, is the clement of 
proper time as measured by an observer at rest at Pi, we have 

dr^~{gvit\dP, . ... (i 2 . 6 i> 

while for an observer at rest at a point P, 

drf^{gv^flP. .(12.62) 

From the integral (12.4) it follows that the system admits the trans¬ 
formation which changes t into /-»-const. Therefore, if an atom is at 
rest at Pi and an observer at rest at Pj, so that their co-ordinates (2:^ ar*, a;*) 
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do not vary, then if two consecutive signals are emitted by the atom at 
values of t differing by c (say), these will arrive at the observer at values 
of t which also differ by t. So the period of the radiation as measured 
at its place of emission is to its period as measured by the observer in the 
ratio which dr\dt at Pi bears to dr\dt at Pg, i.«. 

V (atom) period (observer) ( 

V (observer) period (atom) (V^i’ • v -7; 

It then follows from a comparison of (12 5), (12.7) that tkt frequency 
4 )f radicUion as measured by any observer is proportioned to the energy of 
ihe associated corpuscles (particles or photons) as measured by him. 

13. Expanding Universe .—^We may follow the recent work of 
Heckmann * and consider an expanding universe for which the metric is 

. (13.1) 

where the gp^ are functions of (x\ x*, x*) alone, and R is a function of 
t alone. If the universe is homogeneous, and if there is no exchange of 
.energy between matter and radiation, then Heckmann shows that the 
energy-density of radiation p, is given by 

(B a positive constant). (tj-s) 

Thus the energy in the volume-clement corresponding to the intervals 
jc^ to x^+dx\ X* to x*+dx*, X* to x*-i-dx* is 

p, R*'\/'ydx^dx*dx* — B .R~^Vydx^dx*dx* (i3-3) 

where y=Um 1 . (A ?= 2. 3 )- 

Now, if the number of light-quanta in the universe remains the same, 
then the number associated with the volume-element must remain constant 
and so be given by, say, 

NVydx^dx*dx* . (13.4) 

where N is constant. Hence if c is the mean energy of a quantum we 
have 

Ns-B.R-S 

or, if V is the frequency, supposed the same for all quanta so that e=hv, 
then 

.(13.S) 

provided Planck’s constant h does not change. 

Now the path of any quantum is given by a null geodesic for which 
o-df-R*dl*, 


* 0 . Heckmann, Cdttingen Nackr, (Math. Phys.), 1931, pp. 126-130. 
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or 




R‘ 


Hence the distance along the track of the quantum between two points, 
Pj, P|, fixed in the (x\ x\ x*) co-ordinate system is 




Jr.R 


(13.6) 


If we vary this, keeping / fixed, we obtain 

8/t St, , , 

so that if 8/1 is the proper time between the passage of successive wave- 
crests at time ti past an observer stationed at Pj, thent8/| will be the 
proper time between the passage of the wave-crests at time t, past an 
observer stationed at P*. Hence if fi, v, are the frequencies observed by 
the observers at Pi, P* respectively, we have 




^ R^ 
’R(/,)' 




(13-8) 


Thus from the wave point of view we have 


.(* 3 - 9 ) 

where R has the value for the time t at which the observation is made. 
Hence the two ways of measuring the frequency lead to the same result, 
provided 'Ihe number of quanta is conserved, and provided Planck’s 
constant h does not vary. Alternatively, assuming the agreement of the 
two ways of arriving at the frequency, we have verified that the number 
of light-quanta is conserved in this type of expanding universe. 


{.Issued separately January 24, 1933.) 
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V.—Expansion and Contraction of Coal caused respectively 
by the Sorption and Discharge of Gas. By Professor 
Henry Briggs, D.Sc., Ph.D., and R. P. Slnha, B.Sc., Assoc. 
H.-W. Coll. 

(MS. received October 28,1932 Read December 5, 1932 ) 

So far as we are aware, the only measurements that have been made of 
the linear extension of a colloidal medium due to gaseous sorption are 
those of Dr F. T. Meehan, published m 1927.* Meehan studied the 
response of charcoal to carbon dioxide at atmospheric pressure and 
different temperatures, and found it to expand almost equally along and 
across the grain when it took in the gas. No tests of this kind appear 
to have been carried out with other rigid gels or with other gases, and none 
with any gas under pressure. 

As firedamp (mainly methane) occurs in coal seams under pressure 
of several hundred pounds per square inch, and as its rate of exudation 
into mine workings is a function of that pressure and of the permeability 
of the seam, it is important as a practical problem to ascertain whether 
the permeability is increased by the shrinkage of the coal as the gas 
is being emitted, and the experiments here described were undertaken to 
elucidate this neglected aspect of adsorption. 

Materials. 

The experiments were conducted with different varieties of coal, and 
with both firedamp and carbon dioxide, over a range of pressure of from 
zero (atmospheric) to 300 lb. per square inch (gauge). The temperature 
was that of the laboratory; temperatures were noted, but, as their varia¬ 
tion above and below a mean value of 18*6° C. was insufficient to affect 
the results, they are omitted from this record. 

The firedamp was obtained, compressed in steel cylinders, from the 
Cymmer Colliery, South Wales; its composition is; methane, 96*4; 
ethane, nil; ethylene, 0*2; hydrogen, nil; carbon monoxide, 0*2; carbon 
dioxide, 0*9; nitrogen, 2*3 per centf The carbon dioxide was dis¬ 
charged from ‘‘J” Sparklet bulbs by means of a simple apparatus already 
described.} 

* Proe, Roy. Soc,, A, vol. cxv, p. 119. 

t Explosions tn Mines Committee, 6th Report, 1914, Cd. 7638, p. 4. 

} Briggs, Proe. Roy. Soc. Edtn., vol. xhv, 1934, p. 202. 
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The coals were of the following characters:— 


Description. 

Source. 

Volatile 
Matter 
per cent 

Ash 

per cent. 

Moisture 

(expelled 

at 

los" C.) 
per cent. 

Anthracite I . 

Stanllyd Vein, Blaina Colliery, 
Carmarthenshire. 

6-1 

i-S 

3.3 

Anthracite II . 

Polmaise Colliery, Stirlingshire. 

65 

1-5 

3-5 

Durain I 

Peacock Splint, Loanhead, Mid¬ 
lothian. 

44-3 

2-0 

3-3 

Durain II 

Great Seam, Easthouses Colliery, 
Midlothian. 

34-3 

4-5 

7-3 

Clarain I 

Humph Coal, Lanarkshire. 

33-3 

1-6 

8-5 

Clarain II 

Great Seam, Easthouses Colliery, 
Midlothian. 

33-8 

3-3 

9-7 

Clarain III 

Niddne and Benhar Coal Co , 
Midlothian (seam uncertain) 

43-5 

I 0 

7-4 

Cannel . 

Kittlepurse Seam, Roslin Col¬ 
liery, Midlothian. 

29.3 

4i*S 

3-4 


The test specimens (average length, 77 mm,; average cross-section, 
19*5 mm. square) were sawn from lumps that, with two exceptions, had 
stood in the laboratory for at least a year. The exceptions were the 
Easthouses coals, which were tested two to five days after leaving 
the pit. 

In the table above, “clarain” is used as a convenient term indicating 
a finely-laminated intergrowth of bright and dull coal. The bright bands 
(vitrain) predominated, and “Clarain I” consisted almost altogether of 
vitrain. The clarains were intersected by cleavage planes (cleats); on 
the other hand, the specimens of anthracite, durain, and cannel were 
compact and (to the eye) homogeneous and free from cracks. 

Apparatus. 

The apparatus used to measure the expansion and contraction of the 
specimens is shown in fig. i. The barrel, T, is a stout brass tube fitted 
with a calibrated pressure gauge, A. Gas was admitted through the 
cock, /, while a second cock, D, allowed the pressure to be released and 
facilitated the preliminary operation of flushing the apparatus to expel 
air. The prism of coal, S, was maintained under longitudinal pressure 
by means of the spring, s. Elongation or shrinkage of the coal was 
observed by aid of a microscope, if, sighted through a short piece of 
boiler-gauge tube, G, on a very fine mark at m. Suitable illumination 

r.a.i.a.— VOL. uii, »93a-33.PA*J'i. 4 
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enabled the mark to be seen as a sharp bright line crossing a dull yellow 
background. Movements were measured by the micrometer. 

Blank experiments with dummy (metal) specimens showed that there 
was no correction to be applied to the readings in consequence of the 
mechanical stress imposed on the apparatus itself by raising the internal 
pressure to 300 lb. per square inch. 

The average uncertainty of reading aifecting a single measurement 
(expansion or contraction) was ascertained to be + 0*0021 mm. 

After taking an initial reading, the usual procedure was to admit gas 
to a pressure of 300 lb., to maintain that pressure until expansion had 
apparently ceased, and to record the progress of the linear elongation by 
means of numetoot j-eadings. Then the pressure was released and the 
ensuing contraction ascertained in like manner. 

Results. 

The experiments showed that coals expand shghtly when they take 
up gas and that the process is approximately reversible. 

The chart, dg. 2, depicts the relation between time and the percentage 
elongation, gas at 300 lb. pressure being admitted in each instance at 
zero on the time scale. Treated in this way with carbon dioxide, a 
specimen of Anthracite I (for example), cut with the long axis of the prism 
parallel with the bedding, began to expand after an interval of nearly 
4 hours. The rate of expansion appreciably diminished after 46 hours 
and virtually ceased after 93 hours. The maximum recorded extension 
was 0*577 per cent. The gas was released and the pressure returned to 
atmospheric after 117*5 hours had expired. A rapid shrinkage occurring 
during the next 4 hours or so was followed by contraction at a reduced 
rate. The experiment was brought to an end 190 hours after its com¬ 
mencement, the coal showing no further sign of shrinkage, though the 
specimen was, at that time, 0*14 per cent, greater than its original 
length. 

Unlike a specimen elongated by tension applied externally, coal 
expands in all directions when it adsorbs gas. Judging from tests on 
Clarain I, the amount of expansion varies in different directions, being 
greater across than along the bedding. To ascertain to what degree 
simple elastic compression affected the results, a durain prism was coated 
all over to retard the access of gas to the coal and then tested in the 
apparatus under 300 lb. pressure. The length slightly diminished as 
pressure was applied, the movement being of the order of that due to 
the compression of an elastic solid. Later, after the gas had had time 
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to penetrate the colloidal covering of the prism, the expansion due to 
sorption took place. The movements with which we are concerned are 
much larger in magnitude and of the opposite sign to those of simple 
elastic strain imposed by the gas pressure. Actually, the increase in 
linear dimension that was measured was the effect of sorption diminished 
by that of elastic compression. 

The coals invariably reacted less strongly to methane than to carbon 
dioxide. For instance, the behaviour of Anthracite I on firedamp was 
similar to that on CO„ but the maximum movement was only 0*195 
per cent. 

Special interest attaches to Durain I on account of the rapidity of its 
reaction, whether on CO, or on CH,: almost the whole of the recorded 
movement took place within two hours of the gas being admitted or 
released. 

The Easthouses coals, being freshly wrought, contained, no doubt, 
a considerable amount of adsorbed moisture, and for that reason were 
less responsive to firedamp. 

Coal adsorbs moisture with greater avidity than firedamp, and if a 
coal that is charged with gas is placed in contact with water much of the 
gas is expelled and water taken up. A wet coal seam is never gassy. It 
is known that the amount of gas a coal can adsorb at any pressure stands 
in an inverse ratio to the amount of uncombined water the coal contains; 
it may therefore be inferred that the expansion consequent upon gas 
being taken in is similarly affected by the content of free moisture. 

The expansion caused by a dry coal adsorbing moisture, either alone 
or with gas in different concentrations, has not been determined. The 
problem will be investigated in the more extended study we hope to 
make. 

A coal, even when reduced to a fine powder, takes a long time to 
become saturated with gas, and the relatively large pieces used in these tests 
cannot have been fully charged in the few days they were subjected to 
pressure. Without ruling out the possibility of further slight movement 
had the treatment under pressure been continued, there is good reason 
to believe that expansion is one of the earliest consequences of gaseous 
sorption. 

The cost of the apparatus and materials was defrayed by a grant 
from the Tait Fund for Mining Research, a fund administered by the 
Governors of the Heriot-Watt College, Edinburgh. 


{Issued separately January 30, 1933.) 
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VI.— On the Graduation of Data by the Orthogonal Polynomials 
of Least Squares. By A. C. Altken, M.A., D.Sc. 

(MS. received October 31, 1932. Revised December 3,1932. Read December 5,1932.) 

1 . Introductory. 

The problem of fitting a polynomial to data by Least Squares has engaged 
the attention of many writers. The methods of approach have been 
many and various. Continued fractions, determinants, the calculus of 
finite differences and sums, the method of moments, the linear combination 
of data, the use of the orthogonal polynomials of Legendre and Tchebychef, 
these and doubtless other instruments of analysis have been pressed into 
service. At the end of the present paper is given a selective bibliography, 
which we hope on a future occasion to complete and to supplement 
by adding brief indications of the standpoint and achievement of each 
investigator. 

In the following pages we expound afresh the method of orthogonal 
polynomials, and supply a missing analogy by deriving new forms for 
these polynomials, in terms of the central and mean central factorials 
which occur, for example, in the Newton-Bessel and Ncwton-Stirling 
formulse of interpolation by central and mean central differences. At the 
same time, the aim of the paper being entirely practical, we introduce 
new methods of arithmetical fitting.' The first method, which is essen¬ 
tially a modification of R. A. Fisher’s method, is non-symmetrical and 
involves the use of reduced descending factorial moments, easily obtained 
by successive summation, and the terminal values and differences of the 
Tchebychef polynomials used twice in a manner permitting of several 
checks. The second method is symmetrical and involves central and 
mean central factorial moments, and the central and mean central values 
and differences of the polynomials. Tables are exhibited of both central 
and mean central and terminal values and differences, in a form con¬ 
venient for use, for values of>», the number of data, up to 25. 

The advantages attending the use of orthogonal polynomials have 
been sufficiently emphasised by earlier writers. The chief advantage is 
that if, for example, a cubic polynomial has been fitted and it is desired 
to proceed to the trying of a quartic, the work does not have to be done 
ajl over ab initio, but requires only the finding of a new coefficient, which 
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does not affect the earlier ones. In the method we adopt, it requires 
only the computation of an additional moment and the bringing into 
play of an additional column in the table which is used. Another 
advantage is that the summed squares of residuals can be computed in a 
simple manner before ever we proceed to the actual fitting, the residual 
variance being estimated according to the number of “ degrees of freedom.” 

In the present communication we consider exclusively equidistant 
and unweighted and uncorrelated data. It is proposed to follow up the 
work by a further paper communicating systematised methods dealing 
with the excluded cases of non-equidistant, weighted, and correlated data. 

2. Useful FoRMULiB. Ordinary and Central Differences, 
Sums and Factorial Polynomials. 

In the problem of fitting polynomials to discontinuous data, the 
employment of powers of x almost invariably leads to difficulty and 
complication. On the other hand, the consistent use of the operations and 
polynomials of finite differences brings about a great simplification, not 
only in theory but in numerical application; and for this reason we have 
thought it worth while to include here for the convenience of the reader a 
brief list of the principal definitions and formulae we shall have occasion 
to use. At the end of the paper * we also give references to passages in 
standard texts and memoirs bearing on these points. 

(1) Operations. 

(i) Increasing the variable : 

(ii) Averaging adjacent entries: + »*_*). 

(iii) Advancing differences : 

(iv) Central differences : 

(v) Symbolic relations : E —i + A. 8—El-E'i-AE~i. /* —^(Ei+ E“I). 

(vi) Indefinite sums: + + 

The lower limit here is arbitrary, but throughout the present paper 
it will be taken as x=o. The upper limit will usually refer to x = n, 
the final term being then but where it is necessary to distinguish 
we shall write explicitly 2 2- 

(vii) Central sums: . . • +*,_| + ««_| + «b_1. 

(viii) Mean central sums : . . . + »«_i + »e-i + J*»- 

(ix) Symbolic relations : 
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(2) Factorial Notations and Properties. 

(x) Descending factorials: d''^^x(x-i)(x-a) . . . (x-r+t). 

(xi) Reduced descending factorials: 1. 

(xii) Properties; *)■ 

(xiii) Central* factorials: 

Examples: *^**^-(a:*- 

»{**+'}-*(*•-!)(*«-4) . . . (**-J*). 

(xiv) Mean central factorials: /MfW 

Examples: -*(«• -l)(jc»-J) . . . (x*- 

*{**+>)+!4) . . . 

(xv) Reduced central factorials: x^’^x^lr\, etc. 

(xvi) Properties: 8xW-rxfr-‘>. Sxfr-*}+*-fx{'-’^+^ 

2xW-xHi}/(r + ,). ]^X{^-.X{,+i}. 

The polynomials that occur in the Newton-Stirhng and the Newton- 
Bessel formulae of interpolation are instances of central and mean central 
factorials alternately. 

(3) Operations on a Product. 

(xvii) Advancing difference : 

(xviii) Central difference : 

(xix) Summation “ by parts ” : 

(xx) Alternative form : 2 (“n*** “ "oPo) “ Z • 

(4) Identities tn Factorial Polynomials. 

(xxi) (x+ »«)«">-x''> + rx<"-»>«+r(„x»'-»«<»+ . . . +»»''>. 

(xxii) (x + «),rt-x,„+x,,_x,«+x,^„»»,„+ . . . 

<Xxiii) (X-«)<’■>-x''>-rX<'-«»» + rtt)x‘'-»>(lW + l)'»>- . . . +(-)r(»,+y_l)tr). 
(xxiv) (x-»i),ri-x,rt-x,^i,»i+X(^,(»i + i)(„- . . . 

The above give various forms of Vamdermonde’s familiar algebraic 
identity, and may also be regarded as simple cases of the Gregory-Newton 
* We would have used the notation dfi for this, but Steffensen has adopted that 
notation for what he defines ds a central factorial, but what we should prefer to regard 
as a mean central factorial. Reference A (5). 
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formula of interpolation. In central factorials there are less faiftiliar 
identities of the following t3rpe, e.g .:— 

(xxv) ** - i). 

(xxvi) (*• -^ + -q-^') -**(*»-1)- 2(q* -J)(a:*-1) + (jr»-i)(^-f) 

_ i)(*‘ -!) - *(?• - !)(*• - i) + Af' -1). 

(xxvii) (JC* - y + !*)(*• - ?•)(** - y - I*) 

- - i)(x« - 4 ) - 3 (^ - - 1 ) + 3 g*(s* -!)(**- 1 ) - - 1 )(^ - 4 ) 

- (** - i)(** - !)(*• - V) - 3 (f* - f)(** - i)(** -1) + 3 (q* - i)(^ - i)(** - 5 ) 

and similarly for higher orders. 

The expressions on either side here are symmetrical, or else alter¬ 
nating, in X* and q*. The identities are special cases of Newton’s divided 
difference formula of interpolation as applied to the quasi-central 
factorial on the left. For example, the last of the identities which we 
have just written might be rendered, in the customary notation for divided 
differences, as 

/(^-/(i)+(^*-i)/a.i)+(?*-i)(f*-f)/(i,i, v)+. • 

where q* is regarded as the variable. That the numerical coefficients 
on the right of the identities must be binomial coefficients is seen at once 
by comparison with the limiting case indeed, the present 

identities bear to this limiting case exactly the relation which Vander¬ 
monde’s identity for factorials bears to the ordinary binomial expansion. 

We shall find that these expansions in central factorials enable a 
perfect analogy to be set up between the Tchebychef polynomials in 
central form and the Legendre polynomials. 

3. The Orthogonal Polynomials of Tchebychef. 

With a view to the convenient use of indefinite summation the n 
equidistant data will be denoted by »o> • • • , Mh-i- The problem is 

to fit to these data a polynomial U(x ; n) of degree k <n-i by the 
principle of Least Squares. Unless otherwise specified, the degree and 
the number of data will be understood to be i and n, and we shall write 
the polynomial briefly as U(x),'or U». If then 

(i) . U(x)-tfo + <*iTj(a:) + <»|T,(x)+ . . . +atT^3i), 

the basic piolynomials T/x ; ») = T,(x)3Tr being chosen later to satisfy 

suitable conditions, we have to minimise 

(a) . . S«- 2 {«.-«o-«iTi(*)- . . . -a*T*(*)}*. 

Great advantage will be secured if in this summation all product 
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sums such as vanish for r^s. Hence, we impose on the poly¬ 

nomials T, the orthogonal relations 

( 3 ) • . . 2 Tr‘+o. 2 TrT.-o, 

or, what amounts to the same thing, 

( 4 ) . . 2 ^r(*)Tr(*) + 0 , f>f, 

where is an arbitrary polynomial of degree *. Then the orthogonal 
relations (3), together with the minimal conditions, 

(5) . . . ^-o, »-o,i,s. . . .,>i, 

yield 

( 6 ) . . . 

from which the coefficients Uf in the graduating polynomial U( may be 
found, as soon as we have determined the form and properties of the 
polynomials T/x). At the same time, substitution of the relation (3) 
in (2) gives for the minimal value of S* the expression 

( 7 ) ■ ■ 

or equally well, by (6), 

( 8 ) , . 

a useful formula by means of which, side by side with the computation of 
each Of from (6), we may also compute Or^uTr and, by subtracting the 
results progressively from 2 “*> evaluate S* as we go along. 

We proceed to determine the polynomials T,(^r) In (4) we shall 
choose 4 t,ix) as (^x+iXx + 2) . . (x+s)l ^\—that is, (a:+j)(,,. Then, 
applying the formula, § 2 (xix), for repeated summation by parts we obtain, 
using also § 2 (xii), the r +1 relations 

(9) (« + ^-l),.,2Tr-(« + I-a)u-l)2*Tr+. . . +(-)*2'^'T,-0, 

j —o, I, . . . , r - I, +0, r —r. 

Taking these in order, j=o, i, . . . , r- i, we see that we must have 
(to) . 2 Tr(^)-°. 2 *Tr(*)- 0 , . . ., 2 'Tr(x)- 0 , f > O, 

and so, for s = r, 

(11) .... 2TrV)-{-)V2'''^r(x). 

Hence, if we denote for a moment 2 '^Tr(*) Gtr(x), it follows from 

(10) that 
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where Gj/jr) is such that it itself and its first r - i advancing differences 
vanish together at the lower limit x=o, and hence also at the upper, 

x~n. Hence, must itself vanish for j»:=o, i, 2. r-i, and 

also for x=n, « + i, » + 2, .... n+r~i. Thus we obtain the zr 
linear factors of G\fx), and, fixing the numerical coefficient by a con¬ 
vention to be explained in a moment, we have now 
(la) .... -»>(,)}, 

a formula which is the analogue of Rodrigues’ formula for the Legendre 
polynomials, 

( 13 ) .... Pr<x)-(0(x»-.)7(rl)*. 

To obtain the explicit form of Tfx) wc express (x - «)(,> in terms of 
(x-r)(,-i), and so on by means of § 2 (xxiv;, substitute in (12) 
and perform A^ The final result is 

(14) r^x) - (2r)(^(,) - (2f - i)w(» - r)x(,_,) + (ar - 2)(,)(« - r + i)(,)Af(r-f) 

- . . . +(-)''(*-Ov). 

From this formula the expression for any difference A*T,.(x) can be 
written down at once by putting for each Xn). Again, since the 
formula (14) is simply a Gregory-Newton formula, the coefficients of 
L X, X(g), . . . , Xi,), . . . are simply the terminal values and differences 

T,(o), AT,(o), A*T,(o).A*T,(o), .... This simple remark is of 

great computational value (§ 5, tnfrd). 

We may also note the useful fact that the numencal coefficients, apart 
from the factorial in », of ar(,) in (14) are the same as occur in the Legendre 
polynomial of degree r taken for the range (o, n) of integration, namely. 

There arc various recurrence relations between the polynomials T,(x) 
and a difference equation of the second order resembling the differential 
equation satisfied by the Legendre polynomials, but these properties, 
which can be established by following the standard procedure for the 
Legendre polynomials, lie apart from our purpose. 

In regard to the choice of numerical coefficient in (14), at least four 
conventions* already exist, but the one that we have adopted gives 
smaller values for r > 3 than any of them, values which, moreover, are 
integers if x is an integer, since Tfx) appears as an r** differtnee of pro¬ 
ducts of binomial coefficients. 

* Adopted by Tchebychef, Fisher, Jordan, Chotimsky, and Allan. References B (1), 

(a), (6). (II), (18). 
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It is necessary next to derive an expression for 2 Tf*> in order to 
compute Or by means of (6). With the convention adopted, (li) gives 

(15) • ■ 

Applying summation by parts to this, in the form § 2 (xx), and 
observing that at each step one or other of the factors m the partial 
integrate vanishes at a;=o, or at ar=^, we obtain after r steps, 

-«+')<►) 

” 

(16) . . 4) ... («»-f«)/{(2r +i).(r I)*}, 

which is the desired result. 


4. Tables of the Terminal Values and Differences of Tr(.x), 
WITH Values of X^r*- 

The tables below, which are of great use in practice, were computed 
by special devices based on (14) and (16) of the preceding section. The 
values of T,(o), AT,(o), A*T^o), . . . are entered in the rows of a 
triangular scheme, which will be understood from the illustrative example 
given below, the values of being entered at the feet of the appro¬ 

priate columns. It will be shown in the next section how such a triangular 
scheme of coefficients, for a given n, may be used twice upon the factorial 
moments of «<, first by columns and then by rows, yielding with ease, 
at the first stage, the coefficients of the orthogonal expansion U., from 
which the residual variance may be calculated; and at the second stage the 
terminal values U(o) and their differences, from which all the graduated 
values may be built up. The same table serves whatever the degree of 
the polynomial fitted. 

Specimen Table, «=7 . 



7 na 


756 2400 3850 


3024 
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A table such as the above, besides being a practical aid to computation, 
as will be seen in the next section, provides information such as the 
following:— 

Ti(o) - - ao, A*T4 (o) = - los, etc. 

T,(*; 7 > - aocto) - + 40* - 20, 

AT,(*;7)-2a)C(j)-40i*+4o, etc., etc. 

The values of 21 computed by the writer in two ways, first 

in succession by unit increases in «, keeping r constant, then by unit 
increases in r, keeping n constant; finally, the last set of values, for « = 2S, 
was checked by § 3 (16). The triangular part of any table is easily 
constructed by the aid of tables of binomial coefficients. Thus for « = 7 
we juxtapose portions of two Pascal triangles of binomial coefficients. 



the first being fixed, the second depending on n, and we multiply corre¬ 
sponding elements. The second triangle consists simply of the binomial 
coefficients of orders »- i, «-2, . . . , arranged by rows in the manner 
shown. 

To save space in the tables below, we have omitted superscriptions, 
the specimen table above serving for elucidation. Also, to cope with 
large numbers, as 2^,* increases with n and r, we write, e.g., 629028** 
to indicate a certain number of ntne dig^its (it is actually 629028288) cut 
down for our purpose to six significant digits. 



7 112 756 2400 3850 3024 8 168 1512 6600 15400 19656 
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sg. Maio. 



9 240 377a 15840 50050 91738 10 330 4753 34320 140140 343980 



»«»«I5. I» = i6. 


1-14 91 

-364 

1001 

- 2002 I -15 

los 

-455 

1365 

-3<»3 

a -39 

313 

-1430 

4290 3 

- 4a 

364 

-1820 

6006 

6 

-120 

990 


6 

-130 

1170 

-6006 


30 

-38s 

3080 


20 

- 420 

3696 



70 

-1260 



70 

-1386 




253 




352 


IS 112037138636480 6466460 423a59<* 16 1360 51408 100776O ii 7573'»888844'» 


»i-i7. »ki8. 



17 1633 69768 1550400 205751'* 177769<* 18 1938 93034 333560O 348194'* 340734'* 
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*“ 19 . i»»aa 



*“2I. «l = 22. 


1 -20 190 -11^ 4845 -15504 

2-57 684 -4845 23256 

6-180 2295 -17136 

20 - 595 7616 

70 - 2016 
252 


1 -21 210 -1330 5985 -20349 

2-60 760 -5700 29070 

6-190 2565 -20349 

20 - 630 8568 

70 - 2142 
252 

21 3080 201894 692208" 143008" 194699'“ 

*=23. 

2* 3542255024 961400'! 2i87i85'>328555'“ 

« = 24. 

1 -22 231 -1540 73«5 -26334 

2-63 840 -6650 35910 


I -*3 *53 -1771 8855 -33649 


2-66 924 -7700 43890 

6 - 200 2850 -23940 

20-665 9576 

70 - 2*68 
*5* 


6 - 210 3150 -27930 

20 - 700 106^ 

70 - 2394 
25* 


*3 404*318780 131560'* 328078" 541149'“ 24 4600394680 177606" 483483'* 871852'“ 


1 - 24 276 

2 - 69 

6 

-2024 

. 320 

ao 

10626 

- 8855 
3465 

- 735 

70 

-42504 
53130 
-3*340 
11760 
- 2520 

*52 

25 5200 484380 

2368o8« 

701050'* 

137661'“ 

Exact Values of 

for 

>1=11, 12, 

.... 25. 

0. I. 2. 

3. 

4 - 



3oto 

354* 

4048 

4600 

Saoo 


18018 

26208 

37128 

51408 

69768 

930*4 

122094 

158004 

201894 


68640 

128700 

228800 

388960 

636480 

\oofjj 6 o 

1550400 

2325600 

3410880 

4903140 


9614000 

13156000 

17760600 

23680800 


1701700 

3403400 

6466460 

11757200 

20575100 

34819400 

57203300 

91525280 

143008250 

218718500 

328077750 

483483000 

701050350 


1100736 


1123264800 

1946992320 

3285549540 

5411493360 

8718517080 

13766079600 
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5. Numerical Process of Graduation by Use of Factorial 
Moments with the Triangle of Coefficients. 

Let W(r) denote the r** "reduced factorial moment" of that is, 

(l). 

Substituting in § 2 (6) the values of the Tchebychef polynomials as given 
by § 3 (14), and summing, we derive at once 

(a) - (a*- - i)w(* - ^)»»(r-i)+(s'" “ a)(r»(« “»' + i){i)»«(r-») 

In particular, for the first few values of r, 

(3) 

fllZlV- -(«-0«(Ol +2Mn,, 

-(«-!)(,)«(o) - 3 (*-a)»»(i) +6»*(1), 

- 0 (a)»»(ol + 4 (* - a)(i)«<i) - io{« - 3)«(,) + aoM^)- 
Now the set of coefficients in triangular array used here upon the 
factorial moments m^) consists of the coefficients of Xu) in the Tchebychef 
polynomials; and these, by the remark we made in respect of § 3 (14), 
are also the terminal values and differences of the polynomials, which we 
must use upon the when found, in order to obtain U*, AU#, A*Uo, » . . , 
by means of 

(4) • • Uo-<»o+‘»iTi(o)+ <»,T,(o)+ a,T,(o)+..., 


AUg- 

aiATg(o)+<igATg(o) + 0gATg(o)+ . . , 

., 

A*Ug- 

0gA*T|(o) 4-OgA*Tg(o) + . . 

. , 

A*Ug- 

a,A*T,(o)+ . . 

. , etc. 


It is seen therefore that the triangle of coefficients of the »i(o on the right 
side of (3) above is just the triangle of coefficients of the a< on the right of 

(4) , with rows and columns mterchanged. Hence, the practical work of 
graduation falls into four easy steps: (i) to compute by repeated summation 
the reduced factorial moments of «<; (ii) to combine these according to 
multipliers in the columns of our tables of § 4, thus obtaining the 
which we enter at the heads of columns; (iii) to combine these according 
to the multipliers in the rows of the same table, thus obtaining Ug, AUg, 
A*Ug, . . . , from which (iv) the other g^raduated values Ui, Ug, .... 
Un-i can be built up by summation. 

A useful check is afforded by a symmetrical or alternating property 
of Tr(x) and its differences, namely, 

(5) . T,(x)-(-)'T^*-x-i); AT/*)-(-r*AT^«-*-r-i). 

This property, which implies that the Tchebychef polynomials and their 
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differences have symmetrical numerical values about the central value 
of X, namely » = i(n- i), is an immediate consequence of § 6 (2), infra\ 
it is also almost intuitive, from the consideration that graduation of an 
arbitrary set of data in reversed order ought to yield identical results. 
In virtue of it we And 

(6) . . U,_i-ao-aiTi(o)+ fljTg(o)+ . 

fliATj(o)-tf,AT,(o)+a,ATg(o) - .... 


which shows that, instead of calculating Uo, AUp, A*Uo, ... at stage 
(iii) of the computation, we might, by reading all the entries in our tables 
with positive stgn, have computed the remote terminal values and differ¬ 
ences U„_i, AU,-|, A*U«-,. It is well in any case to compute 

one of these, U«_i, as a check. 

While engaged in computing the Oi at stage (ii), we shall also compute 
the residual variance thus. The numerator of the expression for <*< 
being multiply the when found, into this numerator 

once again, thus obtaining and these, by § 3 (8), are the 

quantities which, subtracted one at a time from P*’®' 

gressive values of S*. Dividing S* by n - 7 - i, the number of remaining 
degrees of freedom,* we estimate the mean individual squared error, or 
variance, of residuals, and thus decide whether or not it is necessary to 
take another moment and another column of the table, in order to compute 
the for the next higher polynomial. 

As for the factorial moments, it is well known (A 3 and A 5) that these 
can be obtained by successive summation of the in columns, summing 
from the last value upwards and, at each stage after the first, 
discarding the highest item, as illustrated in the numerical example 
which will now follow. 

Example- «=io. 


3 

4 

I 

\ 

9 


III 

133 

137 

”5 


s-w,,, £*=■»»(«• «» 


36s 


4413 

3679 

2986 

3340 


13140 

9461 

6475 

413s 

3393 

1194 

473 

>«5 


34344 

Si? 

587 


3309 

3401 

3704 

4761 

13331 

15139 

16139 

13335 


E *70768 


* According to precepts well established and justified. C/.B 6 (a), (i), (r). 
P.a.S.K.— VOL. Ull, 1933 - 33 , PAST I. 5 
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The triangular table of coefficients for «=!io is then brought into 
use, and the computation is arranged around the sides of it as follows:— 



75- 6*285. 


-0*1100. 

-0*07642 

U,. 

AU,. 

A'U.. 

A'U.. 

A'U.. 

7S0 

1 -9 

36 

- 84 

126 

17*68 





1 4412 

3 

-24 

iia 

-280 


21*89 




m 13140 


6 

- 70 

31S 



-16*43 

13-85 


1 24344 



30 

-210 





29747 




70 





-5-35 


io‘ 330 

47S» 

34320 

I4OI4O 

! U,-ni*3. 





Thus, e.g., 

-(750x36-4412 X34 +13140 X 6)/47Sa - -o-oioio. 


A‘Uo- -o'oioi x6-o‘iioox(-7o)-0"0764ax3is- -i6‘43. 

U,-75 X i + 6-285 X9-0-0I01 X36-0*1100x84-0*07642 X 126-112*3. 
While engaged upon the a^ we estimate the residual variance thus:— 



£*'=70768. 

S'. 

S'/(.-i-i). 

4.=75 o/io=- 7S* „ 

750x75 -56250 

2074x6285 =13035 

-48 X -0*0101 - 0 

14518 

1613 

0,-2074/330-6285 

0,= -48/4752- -0*01010. 

1483 

i8s 

212 

-3776/34320=-0*1100. 

-3776 X-0*1100 - 415 
-10710X-00764= 818 

178 

0,- -10710/140140= -0*07642. 

250 

SO 


The above brings out the fact that, when the loss of independence of 
parameters due to using moments of the data is put m terms of degrees 
of freedom, the parabola of fit is actually inferior * to the straight line, 
while the cubic polynomial is not much better. The quartic polynomial 
shows a marked reduction. 

From the terminal values and differences we may build up a difference 
table in the ordinary way and arrive at the graduation:— 

X. 0 I 2. 3 4. 5. 6. 7. 8. 9, £, 

» 17 40 47 49 S3 69 III 133 127 115 750 

U 177 39*6 45-0 47*9 S6*7 74-6 99*3 •»3-4 I33*9 112*5 7S<>6 

U-K 0*7 0*4 2*0 i*i 4*7 5*6 n*7 0*4 69 2*5 R* 

o-j 0*2 4*0 1*3 22*1 31*4 136*9 0*2 47*6 63 250*4 

Three checks corroborate the results. In the first place, the other 
terminal value 112*5 agrees well with the value 112*3 computed by means 
of the tables; then again, the sums of observed and computed values are in 
good agreement; while the value of R', 250, is also in.excellent agreement 
with the other computation. The work of graduation is thus complete. 

* This example was constructed from a curve with inflexions, in order to bring out 
such a feature; but the fact that the reduction in S* produced by the parabobc term 
«,T, is almost zero was an unanticipated accident. 
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6. Central Formula and Methods. 

The formulae for the Tchebychef polynomials assume a more compact 
shape when the data are referred to a central origin and when central 
or mean central factorial polynomials are used. It is convenient here, 
though by no means indispensable, to make a distinction between the 
cases when H is even and when n is odd, just as is done in the theory of 
central polynomial interpolation, and the results will be expressed in 
two different forms, one involving the factorials which appear in the 
Newton-Bcssel, the other the factorials which appear in the Newton- 
Stirling interpolation formula. 

We take the defining formula § 3 (la) m the shape 

<x) . . . 

alter the origin to the centre of the data by taking a new x such that 
x = and at the same time translate ordinary into central 

differences by means of the relation Thus, adopting the 

notation for the centralised Tchebychef polynomials, and putting 
n — 2q, we derive readily 

(.) 

which is a more convincing analogue of Rodrigues’s formula when the 
latter is put in the shape 

(3) • • • • P,(*)-(0(^-7*)7(H)* 

Now, expressing the operand on the right of (2) by means of the 
central factorial identities of § 2 (xxvii), and applying central differencing 
to the results, using § 2 (xvi), we derive the following formulae, which 
have been placed opposite to the expressions for the Legendre polynomials 
for the range (-y, q) by way of comparison. The general result can 
easily be inferred, and written, if desired, in terms of reduced central 
and mean central factorials:— 

(i) (ii) 

Tchebychef Pofynomtals. 

(4) X- X- 


ao**/3! - a?**. 


or ^**-J)/al-^-i). 

3ox(*» -1)/31 - 2(^ - J)x, 
or 3o*(*»-J)/3t-a(y*-i)a:. 

7o**(x* - i)/4l -s(f* - !)*•/» I + - i)(^ - f), or 

^o{y* - i)(** - t)/4l - 5(?* -4)(** - k)h 1 + i(7* - i)(f* -4). 
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and 80 on,* the numerical coefficients beings readily found from Rodrigues’s 
formula. We also note that 

( 5 ) • 

and more generally that since the polynomials are, as they stand, in the 
shape of Newton-Stirling or Newton-Bessel formulae, their central or 
mean central values and differences at the centre j; = o are simply (cf. the 
remark on § 3 (14)) the coefficients of the central and mean centralfactorials 
in X which appear in the polynomials in (4) (ii) above. This fact enables 
us, as before, to construct triangular tables conveying double information, 
and capable, if we use the appropriate centralfactorial moments, of serving 
a similar practical purpose. These tables, depending as they do on 
purely even or purely odd functions, will have zeros in alternate places, 
and so will have effectively only about half the number of entries in the 
former tables, which makes for speed. 

There arc recurrence relations and a central difference equation of 
the second order comparable as before with the differential equation of 
the Legendre polynomials, but these do not serve us here. They are 
easy to obtain, and not remarkably interesting. 


7. Tables of Central Values and Differences of the 
Tchebychef Polynomials, with Values of ^^r*. 
Specimen Tables, «=7 and «=8. 



0. I. 2. 3. 4. 5. 


0. 1. 2. 3. + S. 

tfo) 

I . -12 . 30 


> • -IS • 45 • 

Mliffo) 

2 . -20 . 30 

dt{o) 

2 . -30 . 90 

< 5 *t(o) 

6 . - SO 

^t(o) 

6 . -60 . 

/«Pt{0) 

20 . -84 

<J*f(o) 

20 . -168 

'’-‘t(o) 

70 


70 

/« 5 *f(o) 

252 

d'tfo) 

252 


7 112 756 2400 3850 3024 

zt,- 

8 168 151a 6600 15400 19656 


For example, 

/i8*t,(o; 7) - - 84, 8*t,(o; 8) - - 50, etc. 

T4(*; 7 ) - 7o*^** - i)/4l - SO**/* I + 30 , 

t/jc; 8)-7 o(x*-J)( a:*-J)/4l -6o(**-i)/2l +45, etc. 

The computation of the triangular portion of the tables (the values 
* The expressions in central, not mean central factorials, were found in a different 
manner by Miss F £. Allan, and more recently by P. Ixirenz. References B, i, 6 {e), 
and la. 
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of being as before, § 3 (i6)) was carried out by preparing a fixed 

triangle from the coefficients in the Legendre polynomials, together with 
a varying triangle, depending on q, of the numerical values of the quasi¬ 
central factorials which appear in the centred Tchebychef polynomials, 
and multiplying corresponding elements of these. Thus for graduation 
as far as the quintic case one uses 



according as » = 2^ is even or odd. 

For any special value of n such tables as these may be computed with 
ease and rapidity. 




7 iia 756 2400 3850 3024 8 168 1512 6600 15400 19656 


«=9. »«=io 



9 240 2772 15840 50050 91728 10 330 4752 34320 140140 343980 
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II 440 7733 68640 350350 110074" 13 573 I30I3 la&loa 800800 311875" 


>« = i3. 


11-14. 


I . -43 . 430 . I . 

3 -80 . 730 3 

6 . - 300 

30 -504 

70 

353 

-48 

6 

-96 

30 

540 

. 1080 

-225 

-630 

70 

253 

13 738 18018 338800 170170" 801965" 14 910 

26308 388960 340340" 190467" 

>» = 1S 




1 . -56 . 756 . I . 

3 . -108 . 1350 3 

6 . - 370 

20 . - 700 

70 

253 

-63 

*6 

-136 

20 

945 • 

1890 

-300 . 

. -840 

70 

232 

15 1120 37128 636480 646646" 423259" 16 1360 

51408 

100776" 117572" 888844" 


)« = 17. 


11-18. 

1 . -72 

2 -1^ 

20 

1260 

-350 

70 

1 . -80 . 1540 

3310 3 . -160 3080 

6 . -385 

-934 20 . -1078 

70 

253 253 

17 1632 69768 155040" 

205751" 

177769" 18 1938 93024 232560" 348194" 340734" 



19 3380 I33fl(f4 ^1088" 573033" 639038" 


30 3660 158004 490314" 915353" 1133365" 








Data by the Orthogonal Polynomials of Loast Squares. 


»=ai. mxaa. 


1 . -110 . 

2970 



I . -120 

3510 


2 -216 


5616 


2 -240 

7030 

6 


-1456 


6 

-58s 


30 



20 

-1638 


70 

252 



70 

252 

21 3080 201894 692208" 

143008" 

194699'" 

22 3542 255024 961400*1 

187185* 

3 * 8555 '" 

«=i23. 



<1-24 



I . -132 

4290 

8190 


1 . -143 

5005 


2 . -260 



2 . -286 

looio 

6 

-650 



6 

-700 


20 


-1764 


20 


-i960 


70 

252 



70 

252 


23 4048 318780 131560" 328078" 541149"* *4 4600 394<>8o 177606" 483483" 871852*“ 

_*=*S_ 


I . -156 


6006 


2 

-308 


USSO 

6 


-770 




70 

-2100 

352 


25 5200 484380 236808" 701050" 137661'“ 

8 . Numerical Use of Central Factorial Moments. 

The reduced central factorial moments will be defined as follows: 
If the number of data is even, we multiply each datum «, by the corre¬ 
sponding value of the reduced central or mean central factorial poly¬ 
nomial of appropriate degree which appears in the Newton-Bessel 
formula, and sum over all values. Thus the values of x are here ±j^, 
±fi ±ii • • • I etc. On the other hand, if the number of data is odd, 
we shall use the values of the polynomials of the Newton-Stirling formula, 
the values of x then being o, ±1, ±2, ... . The resulting reduced 
central or mean central factorial moments, which we shall denote by 
mp,j and are readily obtained by processes of repeated 

summation from the outer termini towards the centre, in a way which 
will be clear from the illustrative example, p. 72. 

By using § 3 (6) with the central expressions for the polynomials of 
§ 6 (4), we derive 

(i) noo-Mfo}/, 

*«{!}. 

+7o»»{4}'. 
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and 80 on, or with the other set of quasi-factorial coefficients in q (loo. cit.), 
central and mean central momenta being then interchanged, according 
as n is odd or even. (The distinction is not very vital in numerical 
practice, when the tables arc used and the summational process is well 
understood.) Thus, using (i) above, we can compute the coefficients at 
from the central moments by employing the entries in the columns of the 
tables of § 7, and at the same time can estimate S* step by step as before, 
the work taking about half the time * that it did by the earlier method. 

This being done, we may next use the rows of the table upon the 
values ai, obtaining /iUo or Uo, SUo or /aSUo, and so on, as the case may 
be. To complete the calculation it is very convenient to break up U« 
into an oven function and an odd function W., with the obvious 
consequences that the values of Uo, or /lUo, and its central differences of 
even order are the same as those of Vo, or /iV®; while the central differ¬ 
ences of odd order are the same as those of Wo, or /iWo- The symmetry 
or alternation of even and odd functions and their differences about the 
central origin then enables us to complete the solution in a vej^ simple 
manner. ^ 

For a first example we shall take the same data as in § 5. 


X. 

M . 

i 



4 *. 


u*. 

-♦ 

17 

17 

17 

17 

17 

17 

289 

-i 

40 

57 

74 

91 

to8 

125 

1600 

-* 

47 

104 

178 

269 

377 

(677) 

502 

2209 

-t 

49 

153 

(433-5) 

600 


2401 



5a 

aos 





*704 

i 

69 

545 

(1470-5) 




4761' 

1 

III 

476 

1198 

2392 

(*977) 

1781 


12321 

( 

1*3 

365 

722 

1194 

2483 

iSiap 

16129 


127 

24a 

357 

47a 

587 

702 

4 

"S 

i«5 

IIS 

IIS 

IIS 

IIS 

1322s 


750 






70768 

Hence, 









»»{0}-7SOi »'{i}'->470-5-433*5-1037, 2392+600-2992, 

»»{»)' - 2977 - 677 - *300, W{4j - 2483 + 502 - 2985. 

[Note .—^The suniinations are from the outer values to the centre. The bracketed 
entries, obtained by taking only half of the last item in the preceding column, are mean 
central factorial moments ; r/. § 2 (vii) and (viii).] 

* Unless one possesses a very efficient machine for ordinary repeated summation. 
By either mode of summation, ordinary or central, it is easy on a miudiine with a capacious 
register to sum two columns at once, and thus save the time and trouble of copying 
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Bringing into play the table of § 7 for «= 10 and building around it as 
before, we obtain:— 



75- 6-2^5. 

-O-OIOI. -O-IIOO. 

-0-07643 

AiV.. 

(5W, 


, 750 

1 1037 

m 3993 

' SIS? 

2 

-34 

*6 

-48 

30 

136 

-105 

70 

65-61 

>7-85 

7-96 

-3-30 

-5-35 


10 330 

475* 

343*0 

140140 





The details of the computation are precisely similar to those described 
earlier in § 5. We obtain, with less trouble, the same values of the a^, 
and can estimate S* in the same way. 

Finally, using properties of odd and even functions, we build the 
following two half-tables of differences of V and W:— 


* 

V 

6V. 



0 

i 

6561 

7-96 

4 

73-57 


4 

84-14 

10-57 

348 

4 

86-63 

64-96 

- 31-66 



t,*v. ««v. 


7-96 

2’6 t 
- 8-09 
- 24 'I 4 


- S- 3 S 
-10-70 
-1605 


-5 35 
-5 35 


W. 

(-893) 

8-93 

35-68 

3913 

47-o8 

47 33 


<JW. 
178s 
16-75 
13-45 
7 95 
0-35 


d*W. 

(i-io) 

-rio 


a*w, 

-3 30 


- 3-30 

- 5 -SO 

-7.70 


- 3-30 
- 3-30 


whence, taking finally the sum and the difference of corresponding V’s 
and W’s, we derive the graduated values U:— 

*. -I -t. -I- -I -* *. I. I- t. I- s. 

U 17-6 39-5 450 47-9 567 74 5 99-3 1 * 3-3 > 33-7 iia -3 749-8 

in good agreement with the results found in § 5. 

By adopting central methods we have renounced the check upon 
remote terminal values. Other checks, not quite so simple, can easily 
be devised, however; and we still have the checks upon the sum, and 
upon S*. 

To illustrate the case of an odd number of data, the procedure 
being slightly different, we shall modify our earlier example. If, using 
the difference table of the example in § 5, or the two given above, we 
extrapolate an eleventh value for U, we obtain approximately ♦he value 
35. Supposing then that we annoc this value to the ungraduated data 
and proceed to graduate, we ought to reproduce this value 35, while 
obtaining for the rest the same graduated values as before. 
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17 17 

108 125 

377 SM ^ 

(990-5) 



a. 


£». 


-s 

17 

17 

>7 

>7 

-4 

40 

57 

74 

9* 

-3 

47 

104 

178 

269 

-3 

49 

>53 

33> 

600 

-1 

S* 

ftn— 

305 

(239-5) 

536 

(868) 


3309 
3401 
3704 
— 4761 
13321 
15129 
16139 

13*25 

1235 


Hence, 

»«{o}'- 78 S, «{!}-1373-536-837, 3330-5+ 868-3098*5, 

- 3481 - 977 -1504. f"{i}' - »467'5 + 990-5 - 3458 . 

Taking the table for » = 11 and building around it, we have 


71-36. 3805. 

-0-6433 

-0-3446. 

-007673. 

V,. 

d»V,. d*V^ 

■ 2*5 

1 837 

m 3098-5 
1 >504 
3458 

3 

-30 

’ 6 

“56 

20 

310 

-140 

70 

74 S> 

21-31 

6-89- ^ 

-4-89 

-5 37 

zt- 

11 440 

7723 

68640 

350350 




(The Tshiei of S* will be found to be 15973, 9604, 6419, 2312, and, for the quartic, 350, 
the last being the same as before.) 


The two half-tables of differences for V and W are then as follows:— 


3 

4 

5 


V. 

74- 51 
77-95 
85 S9 
89-37 

75- 86 
36-26 


.IV. 

(- 3-44) 

3-44 
7-64 
3-78 
-13-31 

-49-60 


d*V. 

6-89 

4^30 

- 3-86 


-36-09 


d»V. 

( *-69) 
- 3.69 


-»3-43 

-18-80 


W. 

o 

31-31 

37-73 

44-37 

36-34 

8-75 


dW. 

21-31 
16-42 
6-64 
- 8-03 


d»W. 


- 4-89 

- 9-78 

-14-67 
-19-56 


-4-89 

-4-89 

-4-89 

-4-89 


-37-59 
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whence, by taking the sum and the difference of corresponding V’s and 
W’s, we derive the U’s as before. 

X . -s. -4, -3. -a. -I o. I a 3. 4. 5. S. 

U I7-S 39-S 4S-0 47-9 56 6 74 S 99 3 123-3 i33 7 112 2 35 0 784 5 

It appears from the above example that the difference of procedure 
between the cases of an odd and an even number of data is in practice 
of very slight importance. 

These methods, both non-symmetrical and central, depending as 
they do on summations combined with a few multiplications, are simple 
and well adapted to computation by the aid of calculating machines. 

9. Connexion with the Determinantal Method 
It will be shown in this section that the determinantal approach by 
way of moments, provided that factorial moments and sums are used 
instead of the ordinary power moments and sums usually employed here, 
leads directly to the Tchebychef polynomials 
Let Tf{x) be assumed to have the form 
(1) . . . +<:,*<«+ . . . 

and let the orthogonal conditions be taken in a form like that already 
used in S 3, namely, 

(3) . . J=o,i, 3 , . . .,r-i. 

Substituting (l) in this and carrying out the summations according 
to the properties of factorial polynomials, § 2 (xii), we obtain r homo¬ 
geneous linear equations in the r + i unknowns Cu the array of coefficients 
being the r-by-(r+ i) array, 

(3) . r ^ ^ " 

” 2 3 ’ ' >’ + * 

(<»-n)««> (>»-n)w» (<»+ !)<«> in + iy^+” 

2 3 4 * ’ »"+* 

M- (« + 2)‘»» (» + 2)‘« (« + 2)<" + 

3 4 5 ’ ' r+3 

(n+r-!)('> + 

r .... . . 2r _ 

(The determinant • formed from the first r columns of this array is a 
known determinant. The persymmetric determinant which has elements 
Sf, the sums of powers of natural numbers, can be transformed into it.) 
The ratios one to another of the coefficients Ct will therefore be the 
* Annals of Math , (2), vol. xxxii, 1931, pp. 461-462. 
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ratios of the determinants M< obtained by deleting the proper column, 
the (i + i)th, of the array M. By examining M* we find that all of the 
factors involving n in the factorial numerators of the elements may be 
removed from each row and column, yielding the composite factor 

( 4 ) . . 

The numerical factor which then remains in Mi will be the appropriate 
determinant P* of the persymmetric array. 



The ratios of the determinants P* can be found simply thus: Place 
below the array P a final row of elements i, 4r, x*, . . . , x’' and evaluate 
the resulting determinant We obtain a polynomial Pr(*) of degree r. 
Now we must have 

(6) . J **?,(*)</* -o, J-o, 1, a, .. ,r-i, 

since, by carrying out the integrations on the last row of the determinant, 
we obtain elements which are the same as those of an earlier row, the 
(j+ l)th; while at the same time 

(7) .JVp,(x)i*c + o, 

since the persymmetric determinant of elements in harmonic progression 
happens to be known, and can in any case be shown in vanous ways * to 
be positive. Hence, apart from the constant factor, which we may fix 
by our convention, must be the Legendre polynomial for the range of 
integration (o, i)—that is, it must be given by 

(8) • • 

and the mutual ratios of the determinants Pi in the array P are the mutual 
ratios of the coefficients in this polynomial. Combining finally (i) and 
(4) and (8), we derive the Tchebychef polynomials as given in § 3 (14). 

In conclusion, it may be remarked that the order of procedure in § 8 
above can be applied to the case of graduation of continuous data by a 
* That it should not vanish is indeed the condition for the existence of the Legendre 
polynomials. 
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polynomial. Suppose that over the range (-y, q) we have to graduate 
an empirical curve, broken polygon, or the like, by a polynomial, minimising 
the integral of the squared deviations. We should m the first place 
compute, in general by methods of numerical integration, the reduced 
power moments of the data. Td these we might then apply a triangular 
table of the coefficients of x'lrK in the Legendre polynomials and their 
derivatives, with values of the integral of Pr*(^) for column divisors, 
exactly in the manner of § 8. By this means we should derive the values 
of the coefficients in a Legendre expansion, from which S* could be 
evaluated as before, together with values, at the origin, of the graduating 
polynomial and its derivatives, from which a Taylor expansion could be 
at once written down. 

The author wishes finally to express his indebtedness to Professor 
E. T. Whittaker, who first stimulated his interest in this subject by a 
course of lectures on Tchebychefs theory, given in 1924 
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VII.— On the Measurement of Spatial Distance In a Curved 
Space>tlme. By H. S. Ruse, M.A., D.Sc. 

(MS. received June 20, 1932 Read January 9, 1933.) 

The problem of defining the concept of spatial distance in a general 
nemannian space-time has been discussed by E. T. Whittaker,* who 
showed how to translate into the terms of four-dimensional geometry 
the method adopted by astronomers in determining the distance of a 
star from the earth by means of a comparison of its absolute and apparent 
luminosities. The problem was further considered by the present writer,f 
who derived a different formula for spatial distance by a method which 
was essentially one of partitioning the whole of space-time into space 
and time relative to the given observer. It was suggested that the new 
spatial distance might be that determined practically by parallax-measure¬ 
ments, though the evidence in support of this suggestion was perhaps 
hardly sufficient to carry conviction. 

It IS the purpose of this paper to give a third definition of spatial 
distance, which, it is claimed, cormponds to that determined by the 
use of rigid measuring-rods. The formula derived therefrom is the s.ame 
as that in the writer’s earlier paper. Yet a fourth definition, due to 
Professor Whittaker, is shown in § 5 to yield the same formula. 

§ I, Distance } in a Galilean Field. 

It is necessary as a preliminary to make a few remarks concerning 
the definition of spatial distance in a flat space-time. 

If an observer O at rest at the point (xo, yo, »o) relative to a given 
system of rectangular cartesian axes receives at time t^ a light-pulse 
emitted by an object Q at the point (xi, y^, Si), then the distance between 
the object and the observer as measured by the latter is 

r-{(2ri-Xa)« + 0 ',- 3 ',)* + (Si-S,)*}*. . . (i.i) 

This really amounts to a definition of spatial distance in a galilean field, 
and is of course the ordinary formula for the distance between two points 

* Proc. Roy. Soc., A, vol. cxxziii, 1931, p. 93. 

t Proc Roy. Sot. Edin., vol. lii, 1932, p. 183. 

t The word distance will be used to mean spatial distance. Displacements between 
point-events in the four-dimensional world will be called intervals. 
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in a threc'dimensional euclidean space. It is assumed that the distance 
is the same whether the object be in motion relative to the observer or 
not. Moreover, it should be noted that r is the distance between the 
fixed point O and the point where the object was when the light left it; 
or, from the observer’s point of view, between himself and the point 
where the object appears to be at time 

If denote the time at which the light left the object, and if the velocity 
of light be taken as unit, then of course 

/o“/i+r 

or 

.(i.a) 

Now the metric of a galilean space-time is given by 

rfi*.(1.3) 

If So is the proper-time of the observer at the world-point {to, Xo, yoi *o)> 
then since Xo, >'«, ag are constants, it follows from (1.3) that dso*=dto*. So 

dso ’ dso dso dso 

Hence the observer’s world-line has in space-time the direction with 
contravariant components (l, o, o, o). Also the vector QO giving the 
displacement between the two world-points has covariant components 
h - fii ~ (^0 -^i)t - (yo -yi)» ~ (*o - *i)- Hence to - ti, and therefore r, 
is equal to the orthogonal projection on the observer’s world-line of the 

displacement QO. 


§ 2. Underlying Assumptions. 

The familiar process adopted in everyday life when the distance 
between two points is measured with a rigid scale cannot for a variety 
of reasons be readily expressed in the terms of general relativity; for 
example, except when the distance between the points is less than the 
length of the rod, the process is one which cannot be performed instant¬ 
aneously, and in a general space-time different results might be expected 
according to the time taken. And in any case two points on or near the 
earth’s surface arc too close to one another for the refinements of general 
relativity to be of significance in this connection. 

It is therefore true that the formula of this paper represents spatial 
distance as determined by rigid measuring-rods only in a somewhat 
conventional sense, but an attempt has been made to introduce no argu¬ 
ment not in accord with the basic ideas of the theory of relativity. 
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The principles underlying the work of the succeeding paragraphs are 
briefly as follows. It is assumed that: 

(i) In a curved space-time there exists in the neighbourhood of any 

gpven observer a region which is flat to a high degree of approxi¬ 
mation (the observer’s local galtlean space-time)-, for in any 
space-time a transformation of coordinates can m general be 
made such that in the new system the first-order derivatives 
of the fundamental tensor vanish at any given point.* 

(ii) Rigid measuring-rods are, according to the fundamental ideas 

of relativity, the ultimate instruments with which observers set 
up spatial mesh-systems in their local galilean space-times. 

(lii) If a light-pulse is emitted by an object at the world-point Q in 
the local galtlean space-time of an observer and received by 
him at the world-point O, then the spatial distance between 
them, as determined by the observer with a rigid scale at the 
instant of the arrival of the pulse, is equal to the orthogonal 

projection of the (null) displacement QO on the observer’s 
world-line 

It IS convenient to call the distance lietween an observer and an object 
in his local galilean space-time a distance-element. The spatial distance 
between an observer and any object will be defined as a sum (or rather 
an integral) of a series of distance-elements 

Suppose, then, that in a general space-time O and S are respectively 
any observer and any object with prescribed world-lines, which are not 
necessarily geodesics. Suppose, further, that a light-pulse leaves S and 
arrives at O at the instant when he wishes to determine the distance OS, 
so that the world-points of S and O at the respective instants of the 
emission and reception of the pulse lie on a null geodesic. 

Imagine that along the light-track between S and O is a succession 
of auxiliary observers Oj, O,, . . ., O*, each in possession of a rigid scale 
which provides m his own locality the unique standard of length. If 
these observers are numerous enough that S is in the local galilean space- 
time of Oi, Oi in that of 0 „ O, in that of 0 „ and so on, 0 „ being finally 
in that of O, then the distance-elements SOi, OiOi, . . . ., 0 ,_i 0 „ 0,0 
may be determined respectively by Oi, Of, . . ., 0 „ O. The integral 
of these distance-elements as «-►<» is defined to be the spatial distance OS. 

To state the same thing more picturesquely, suppose that the observers 
are near enough to one another that each can touch his neighbours 
with his measuring-rod, and so determine the distance-element between 

* Eddington, Mathematical Theory of Relativity, 1934, p. 77. 

P.RJ.E.—VOL. LIU, I933-33< PA»T «• ^ 
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himself and a neighbour by a single instantaneous observation, and that this 
measurement is made at the moment when the light>pulse passes him. 
Then the sum (integpral) of these smaller distances is by definition the 
total distance OS. It is, moreover, to be noticed that, since the light- 
pulse may be assumed to carry with it an image not only of the object S 
but also of each of the auxiliary observers, the final observer O will see 
by its aid not only S but each of the auxiliaries in the act of making his 
measurement, and will therefore regard the whole operation of determining 
the distance as instantaneous. 

One important point has been ignored, namely, that a distance-element 
depends on the direction of the observer’s world-line—that is, on his time- 
direction in the four-dimensional world If each auxiliary observer is 
allowed to have an arbitrary world-line the distance OS as above defined 
is indeterminate. 

Now the time-direction of each auxiliary observer must be one which 
is acceptable to the chief observer O, and it is natural therefore to suppose 
that O requires each of the others to have the same time-direction as 
himself at the instant when the measurement is made Geometrically 
this means that the tangents to the world-lines of Oj, O*, . , O* at 

the points where they are cut by the null geodesic SO must be parallel 
to the tangent at 0 to the world-line of the chief observer. But un¬ 
fortunately the word parallel has no unique meaning in a curved rieman- 
nian manifold, so that the spatial distance SO will depend on the definition 
of parallelism chosen Since, however, the parallelism of Levi-Civita is 
fundamental in general relativity, it seems natural to require that the 
unit four-vector tangential to the world-line of any auxiliary observer O, 
at the point where it is cut by the null geodesic OS shall be that obtained 
by Levi-Civita parallel transport, along the null geodesic OOr, of the unit 
four-vector tangential to the world-line of the chief observer O at the 
point where it is cut by the same null geodesic. 

In short, therefore, the chief assumptions made in the following work 
are that it is legitimate to introduce into space-time a series of fictitious 
observers, and that once this has been done their world-directions may 
be taken as parallel in the sense of Levi-Civita. Concerning the former 
assumption it may perhaps be remarked that there would seem to be no 
difference in principle between introducing a series of observers into a 
general space-time and introducing one, as is commonly done, into a 
galilean space-time; m each case it is assumed that the prescribed nature 
of the four-dimcnsional world is unaffected by their presence. 
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§ 3. Preliminary Formul.b. 

In order to find a mathematical expression for spatial distance as 
defined in § 2 it is necessary to establish a few formulae belonging to the 
theory of normal coordinates • 

Let 

. . • • (3.1) 

define the metric of space-time in terms of general coordinates (*®, 
x', jr*). Suppose that the world-point S of the object at the instant 
when the light-pulse leaves itf w (x'd) = {x'^, x'^, x'*, x'*), and that the 
world-point O of the chief observer at the instant when he receives it is 
(Jed). Let (id) be the contravariant components of the unit vector at 
(Xd) tangential to his world-line, so that, if t is his proper-time at this 
point, 


A bar placed above any functional symbol will denote evaluation at 
the point (Xd). 

By supposition S and O he on the same null geodesic, the equations 
of which satisfy, with a proper choice of the parameter A, the system 
of diflfercntial equations 




dx^ dxt 


(ft-o, 1, 2, 3) . 


(33) 


where is the ChristofFel symbol {a /J, n). If af‘ is the value of dxl*jd\ 
at the point (Xd) for the null geodesic OS, then, as is well known, the 
parametric equations of this null geodesic may be written 

a:»‘-i&‘+a»‘A +jr^s‘a'’A*+higher terms, 0 i=o, i, 2, 3) 
these equations being in fact solutions of the system (3.3). Writing 

0*»=o, 1, 2, 3) .... (3.4) 

we get 

x^-x^+r'+i'^yy-*- • ... ( 3 . 5 ) 

giving a transformation from the system of coordinates (xi*) to a system 
(yd) [Ricmann-Veblcn normal coordinates], in terms of which the null 
geodesic OS has the parametric equations (3-4), the constants af^ deter¬ 
mining its direction. From (3 5) it follows that (yd) = (o, o, o, o) when 
* See Veblen, Invarumts of QuadraHc Differential Forms (Camb. Math Tract, 
No. 24, 1927), chap. vi. 

t This notation differs slightly from that of my previous paper, in which the co¬ 
ordinates of 5 were denoted by unaccented letters In this paper 2;*, jr*, x*, are used 
exclusively for current coordinates. 
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= so that O is the origin of the new system of coordinates, 
over, by (3.5), 



More- 

. (.?. 6 ) 


where the suffix o indicates, like a superposed bar, evaluation at the new 
origin O. An asterisk will be affixed to the components in the ^'-system 
of a tensor or other quantity. So for example 


o'jc* di^ 




It is to be noticed that, if TJ* ' be any tensor-field, then considering 
the tensor at the point O, 



by the ordinary transformation-law for tensors, so by (3 6), 


Tr 

Hence the components of a tensor at the point O are unaltered by tht* 
transformation (3.5) In particular, the components h> of the vector 
specifying the direction of the observer's world-line remain unchanged. 
Further, transforming (3.3) to the new system, we get 


</A* •fd\ dX 


(3.7) 


Suljstituting from (3 4), it at once follows that 

(3.8) 


§ 4. Derivation of the Formula for Spatial Distance. 

In normal coordinates, then, the equations of the null geodesic OS are 
yi^-ai^X, (ft-o, I, 2, 3) (4.1) 

where the a's are constants and A the parameter. Let be the co¬ 
ordinates of S in the jy-system, and A' the corresponding value of the 
parameter, so that jy'/<=a/‘A'. 

Consider an auxiliary observer O, at the point (>'/*) on the null geodesic. 
Let *hft be the covanant components of the unit vector in the direction 
of his world-line, this being parallel in the sense explained in § 2 to the 
direction at O. Suppose that the auxiliary observer 

next to O, on the side of him nearer S has coordinates (y + dyf*), with 
parameter A -f- dX, so that 


dy ^~€ t^dX 


. ( 4 .*) 
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Next consider any other pair of observers O, and between O 
and O, having coordinates. 

and + . . (4.3) 

respectively, A, being the value of A at O,. 'I'hen, if and 

are the direction-vectors of the world-lines of O, and 0,4^,, 
respectively, the ordinary formula for Levi-Civita parallel transport gives 

being the value at (a/*) of the Christoffel symbol a}. Integ¬ 
rating along 00, and using (4 3), we obtain the world-direction of the 
observer 0„ namely, 

* kj , z ) . . • (4.4) 

Now the spatial distance between O, and as determined by O^’s 

measuring-rod is, in accordance with § 2, equal to the projection on O^’s 
world-line of the interval it being assumed that is in 0,’s 

local galilean space-time. But this projection is 

-•W. 

by the ordinary formula of riemannian geometry. 

Using (4 2), and integrating along the null geodesic OS (i.s. from 
A=so to A=A'), we get the total spatial distance OS, namely, 

8- -J**A,.WA. 

Substituting from (4.4), 

8 - - . a'^ao *kj^a ). dX, 

i^a>^dX 

by (3.8). Hence 

8“« —iftOi'X' 

.... (4.5) 

If now s be the function representing the geodesic distance between the 
world-points (^/*) and (x'f*) of the observer and the star, then • 



where = Since the two world-points lie on the same null geodesic, 
it is of course true that s=o. Nevertheless, the function s has an analytical 
existence, so that equation (4.6) has a definite meaning, the equation 
* Ru»f, Proe. London Math. Soc., vol. xacxii, 1931, p 90. 
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X=0 (or fl=o) being introduced after the performance of the differentiation. 
Substituting from (4.6) in (4.5), 


8 


dsr 


by (3 *) 


da 

Bt 


This is the formula for spatial distance obtained in the earlier paper 
already referred to 


§ 5. Another Definition of Spatial Distance. 
The differential equations of the null geodesics are 


dx* ■' 

combined with the first integral 


(51) 


(S.a) 


and it is to be noticed that these equations are unaltered if the parameter 
X IS replaced by aX, where o is any constant 

Professor E. T. Whittaker has defined * the spatial distance between 
an observer O and an object S, these being on the same null geodesic, 

to be equal to a|*’^A taken along the null geodesic, the constant a being 

so determined that, when S is very near to O, aJX is equal to the spatial 
distance in the instantaneous three-dimensional space of the observer 
(the projection of SO on his world-line). 

Adhering to the notation of the previous sections, let (i/*), (a:'/*) be 
the coordinates of the observer and object respectively, and (if,) the 
observer’s covariant direction-vector Now (5.1) can be solved to give, 
inter aha, 

^-aY(*^), .... (S.3) 


a being the unknown constant and Y(jr/«) a known function of x^, x\ x*. 
If a is chosen according to the requirement of the definition, it follows 
easily that an explicit formula for the new spatial distance D in any 
nemannian space-time is 

• ■ CS.4> 


Kermack, M‘Crea, and Whittaker, J*roc. Jt.S.E., vol. liii, 1933, p. 35. 
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where ) relate to the direction of the null geodesic at (Sd), and the 
integral is taken along the null geodesic. 

It is a simple matter to show that the spatial distance D is precisely 
the same as the S of § 4. For, if the coordinates are transformed to 
the normal system (y/*) defined in § 3, the equations of the null geodesic 
OS have the form 

0**=o, I, 2,3), (5.5) 

where the constant a is inserted to indicate the arbitrariness of the para- 
metrisation already referred to. Therefore 




so that, if •Y(y/‘) is the function in the y-system corresponding to the 
function Y(xd) of (5.3), we have 

*y (y**) « a® (constant) 

The invariant formula (5.4) at once gives 

where, as before, (y'/*) are the normal world-coordinates of S, (o, 0, o, o) 
being those of O. By (5.5), 

aa*X' 


where A' is the value of the parameter at S, hence 

everywhere along the null geodesic. Moreover, the integral in (5.6) clearly 
has the value -y'*/«“, so that 

D-8, by (4.5). 
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§ 6. Spatial Distance in Einstein’s Cylindrical World. 

In conclusion, it may be of interest to give a formula for the distance h 
in the Einstein world, which is specified by • 

+ + . (6.i) 

the observer being at the "space’’-origin r=o and the object at the 
world-point (/, r, 0 , jl). If f be the observer’s "time’’-coordinate and 
T his proper-time, then by (6. i), 

so that we may take t = F. 

Assuming from the spherical symmetry of the spatial part of the 
quadratic form (6.i) that the geodesic distance from the observer’s 
world-point to that of the object is independent of 0 and p, it is easily 
shown by solving the equations of the geodesics that in this case 

2n-(/-T)*-R*{arcsin(r/R)}» . (6.3) 

Hence 

or, since we may now put (expressing the fact that the observer 

and object are on the same null geodesic), 

8-Rarcsin(r/R) (6.3) 

It may be noticed that, as R-> <» and (6.1) to galilean-polar form, 
the radial distance from the origin in a galilcan field. 

Writing p for 8, that is, putting /) = R arc sin (r/R), (6.1) becomes 

rfx* - - dp* - R* sin* (p/R){i/ 0 » + sin* 0 dp*}, (6.4) 

where, accepting the definition of spatial distance given in this paper, 
p is the true radius-vector for the observer at the origin 

* Eddington, op nt, p. 156, equation (67 13) with R "sin /=r 


(Issued Sfparatefy March 30. 1933.) 
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VIII.— A Case of Non-disjunction in the Fowl. By Professor 
F. A. E. Crew, M.D, D.Sc., Institute of Animal Genetics, 
University of Edinburgh. (With Five Plates ) 

(M.S received December 6, 1932 Read February 6, 1933.) 

The application of the facts of criss-cross inheritance to commercial 
poultry breeding is widespread, and every year witnesses the hatching of 
thousands of chickens, the plumage-colour character of whose mothers 
was genetically silver, whilst that of their sires was genetically gold. 
Dominant silver and its allelomorph, recessive gold, form a pair of sex- 
linked characters, the genes corresponding to them being placed in the 
X-chromosome. Such evidence as exists points directly to the conclusion 
that in the fowl the male is the homogametic sex (XX), the female the 
heterogametic (X Y or XO) The mating silver hen, (SX)Y, and gold cock, 
(sX)(sX), gives, in more or less equal numbers, gold daughters, (sX)Y, 
and silver sons, (SX)(sX), and, since these colours can readily be dis¬ 
tinguished in the newly hatched chick, it is possible to identify males 
and females amongst day-olds by reference to their down colour. The 
diagnostic value of a sex-linkcd character depends upon the precision of 
the distributive mechanism of the sex-chromosomes. 

It is reasonable, in view of what is known of Drosophila and other 
forms, to expect that, amongst the thousands of "sex-linked” chicks that 
are hatched each year, there will be some which will exhibit the outward 
manifestations of faulty distribution of the sex-chromosomes. I have 
therefore endeavoured to maintain contact with a number of breeders 
known by me to be interested in the scientific aspects of poultry breeding, 
and have asked them to inform me of any unexpected happening. A 
number of birds which have broken the rules of sex-linked inheritance 
have been given to me and are under observation. One of these, which, 
through the kindness of Professor Punnett, was sent to me by Mr Marcus 
Slade, of Stokenchurch, High Wycombe, Bucks, is responsible for this 
communication. 

The bird was out of the mating Light Sussex hen x Rhode Island 
Red cock. In colour it was precisely that gold that one would expect in 
the gold offspring of this mating, but it was a typical male. Though I 
did not breed this bird m)raelf, I had no hesitation in accepting the state¬ 
ments made by Mr Marcus Slade concerning it—in the first place, because 
I know the man; and, secondly, because the bird, in its characterisation. 
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exhibited its own pedigree Mr Slade knew of several other gold cocks 
that had been hatched out of eggs supplied by him from his pen of 
Light Sussex x Rhode Island Red. It will be noted that a gold chick is 
much more likely to be kept than is a silver, for ordinarily the silvers 
are males and therefore arc commonly discarded. 

This particular bird could be a case of sex-reversal in early life; that is, 
a hen of the correct colour (gold) which had become, during the first 
seven months of its life, a cock—a far-fetched notion maybe, but never¬ 
theless one that had to be entertained. Or it might have been that, through 
mutation, the gene for silver in a heterozygous male (SX) (sX) became 
transformed into that for the recessive gold. Or it might have been a case 
in which the plumage colour that was exhibited was not the sex-linked 
gold, but an autosomal bay, chestnut, or mahogany. Or, again, it might 
be a case of secondary non-disjunction of the sex-chromosomes Breeding 
tests associated with cytological examination alone could decide this matter. 

After having performed a laparotomy on this bird, satisfied myself 
that it possessed a typical male sex-equipment, and removed a small 
portion of one testis for cytological examination, I mated him to Light 
Sussex hens, known from past breeding to behave as silvers in a sex- 
linked mating. One hundred and seventeen chicks were produced, and 
on examination, either as dcad-in-shell or alive, 68 were found to be 
silvers and 49 golds When the living chicks were 6-12 weeks old, 
laparotomy was performed on each bird, the gonads were examined, 
and a small piece of gonadic tissue was removed for histological and cyto¬ 
logical examination Amongst the golds was i male, amongst the 
silvers were 2 females, whilst the rest were either silver males or gold 
females, giving a total of 67 males and 50 females. 

These results can best be appreciated when given in tabular form: 

Silvers Golds. 

68 49 

dJ 9V def $¥ 

66 2 1 48 

Thus far, the results favoured the view that this exceptional bird was 
a case of secondary non-disjunction of the sex-chromosomes. He was a 
male, and therefore presumably possessed two X-chromosomes. Since 
his mother was genetically a silver, and, possessing only one X-chromo- 
some, could not carry the gene for gold, it follows that both of his 
X-chromosomes must have been derived from his father. • The spermato¬ 
zoon which his father provided must have included two X-chromosomes 
following upon non-disjunction during meiosis. But, since the bird 
originated in an egg, this could have been a Y-chromosome-bearing egg, 
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80 that, in sex-chromosome constitution, this bird would be (sX) (sX)Y. 
Since there were other gold cocks produced by the pen from which he 
was derived, it follows that non-disjunction was not rare during spermato¬ 
genesis in his father The fact that this exceptional bird produced 
exceptional offspring eliminates the possibility that he was a bird in which 
mutation had replaced the gene for silver in a (SX) (sX) male with that 
for gold. It also shows that he was not a case of sex-reversal, for, had he 
been, then, mated with silver hens, he would have been expected to 
produce silver daughters and gold daughters in equal numbers, but only 
silver sons, and the sex-ratio would presumably be 50 100 since the YY 

birds would not appear. This will be seen from the ensuing diagram. 



Furthermore, the facts that among the offspring only golds and 
silvers appeared, and that in the great majority of cases the golds were 
females and the silvers were males, make it certain that the plumage 
characters involved in the experiment were the sex-linked silver and 
gold and not autosomal characters such as were present in the birds studied 
by Agar (1924) and Hays (1926). Moreover, it was evident that the 
autosomal inhibitor of sex-linked gold described by Taylor (1932) w'as not 
complicating the experiment 

It became possible, therefore, to assume that indeed this exceptional 
bird was (sX) (sX)Y in sex-chromosoiiic constitution, and to predict the 
probable cytological peculiarities of his offspring. The following genetic 
and cytological types were to be expected;— 



Non-disjunctional 

Golld 

Silv^9 


p, 

(sX)(sX)Y X 

sX 

(SX)Y 

The (sX) and (^X)Y classes of 
sperm will be far more common 
than the other two classes for 

Gametes 

(sX)Y 

bX 

the reason that the two X's 
disjoin far more often than do 


(sX)(sX) 

Y 

Y 

the X and the Y. (Bndges, 
1916 ; Muller, 1918 ) 
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Reuon for Geiwtical 
Abnomubty. 


Genotype. Phenotype Cytolc^cally. Genetically. 

I. (SX) (sX) sjlver $ normal normal 

3 (SX)(sX)Y . do. abnormal do. 

3. {SX)(sX)(8X) do. do. do, 

4. (SX)Y. . «lvcr9 normal abnormal 

5 {8X)Y . gold $ do. normal 

6 {sX)YY' do abnormal do. 

7. (»X)(aX)Y gold ($ do. abnormal {^father* 

8. YY . . 

Disregarding for the time being the genetically exceptional birds, 
the gold male and the silver female, since these will be rare, it is seen 
that, among the genetically unexceptional birds, two out of every three 
silver males, and one out of every two gold females, might be expected 
to be cytologically abnormal. Cytological investigation was therefore 
directed toward the identification of the XXX and XXY males and the 
XYY females. But, in the light of previous studies on the chromosomes 
of the fowl, it was assumed that the small Y would not easily be dis> 
tinguished from the small autosomes, and that most probably only the 
XXX males would be recognised. Embryos, from normal Brown 
Leghorns and also from the pen of Light Sussex females and the ex¬ 
ceptional gold male, ranging m age from 3-6-17 days, were taken to 
supply further material for cytological examination. 

Strong Flemming, medium Flemming, Allen, 2 BD (La Cour), or 
2 BE (La Cour) were used as fixatives, and to each fixative solution 
1 per cent, of urea solution was added. The sections, 5-1J were 
stained with iron-hsematoxylin, gential violet, and new magenta crystal. 
The drawings were made with an H.I. 90., r30 apochromatic oil- 
immersion objective, and X15, x 18, and x 30 compensating eyepieces, 
using a Zeiss camera lucida at an initial magnification of about 2300, 
3500, and 4500. I am indebted for the microphotographs to Mr 
H. C. Osterstock, of the staff of the John Innes Horticultural 
Institution. 

I wish to acknowledge my indebtedness to my colleague Dr Koller 
for the help he gave to me in the cytological investigation of this 
material. 

The difficulty which attends the study of the chromosome complex in 
the fowl arises in the facta that the chromosomes are numerous, differing 
greatly in size amongst themselves, and that there are many relatively 
small ones. It has been shown in both plants and animals that the 
number of such small chromosomes is variable, that they are non-essential 
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to the species, and that, most probably, they result from fragmentation 
(Darlington, 1932) The diploid number of chromosomes of the fowl 
has been stated by different investigators in recent years to be between 
32 and 36. Stevens (1923), Hancc (1924, 1926), Shiwago (1924, 1926), 
and Akkeringa (1927) have all given very clear figures of the male and 
the female chromosome complexes. Akkeringa fixed the number at 32 
in both sexes, but found many cells with a greater number than this. 
Hance regarded 3S--36 as the probable number, although in many cells 
he found 32-33. Drawings by Miss Stevens, which appiear in a paper 
by Miss Boring, show 34. In the present study the tissues from the 
control birds showed chromosome complexes with 32-35 chromosomes 
Plate I, figs 1-3, illustrate the female, and fig 4 the male complexes of 
17-day-old embryos. Plate I, figs 5 and 6, 7 and 8, 9 respectively, 
illustrate male and female complexes as given by Shiwago, Hance, and 
Stevens, and in these the number of the chromosomes is 32, 38, 33, and 31 
respectively. 

In an attempt to determine the exact number of chromosomes, both 
spermatogenesis and oogenesis were examined In the secondary 
spermatocyte and in the oocyte the haploid complex is present, and 
therefore the number of chromosomes can be determined more easily 
The number in the haploid complex of the control birds was in some cases 
15, in others 16. The chromosomes, as arc seen in Plate III, figs. l, 2, 3, 
are thicker and shorter than in the mitotic division (Plate III, figs 4, S, 6) 
The figure of Miss Stevens (Plate III, fig. i) shows that the number of 
chromosomes in the first spermatocyte is 21, but it would seem that her 
figure represents metaphase of the secondary spermatocytes where the 
short chromosomes are already separated and scattered in the metaphase 
plate. I'his precocious separation of the small chromosomes is quite 
common in species in which great size differences between the chromo¬ 
somes exist. 

In oogenesis the prophase stage was found most suitable for study. 
The ovary of a 3-months-old hen showed developing eggs of different 
sizes, and it was found possible to follow the pairing of homologous 
chromosome threads, and also to identify the chiasmata and loops. 
Serial sections made it possible to follow the whole chromosome complex 
during diplotene. Plate IV, figs 2a, 3a, and 4a depict three eggs with 
chromosomes m the diplotene stage, and figs. 2b, ^b, and 4^ show 
schematically the chromosome arrangement. The number of paired 
bivalents -was found to be 15 in most instances. In some cells a very 
long chromosome thread w'as found which was looked upon as the long 
X-chromosome with a small Y-chromosome associated with one of its 
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ends. The chromosomes remain in association at diplotene for a much 
longer period of time than at any other stage. Plate V represents a 
cross-section of an ovary showing eggs of different sires. They are 
in the growth stage, the yolk around the ovum is multiplying, and the 
volume of the eggs is increasing rapidly. Nevertheless, their nuclei all 
show the same diplotene stage, which appears to indicate that the prophase 
of meiosis proceeds relatively slowly during oogenesis This observation 
IS in close agreement with that of others who have shown that the 
maturation division in eggs which contain large quantities of yolk 
proceeds very slowly as compared with spermatogenesis in the same 
species. 

However, it was found that the number of prophase bivalents during 
oogenesis, and the haploid number of chromosomes in the secondary 
spermatocytes showed exactly the same variation as was encountered in 
a study of mitosis It would seem that the exact number of the chromo¬ 
somes of the fowl cannot be determined, using methods so far available, 
because of the number and the behaviour of the small chromosomes in 
the complex. These are far too variable to make exactness in counting 
possible. This lieing so, it was hopeless to expect that a count of the 
chromosomes in the tissues of the exceptional bird and of his offspring 
could explain the reason for his disobeying the rules of sex-lmked 
inheritance. 

This polisomy or aneuploid chromosome number, commonly en¬ 
countered in the complexes of the control fowls, has previously been 
remarked upon by other investigators. It is probably the result of 
fragmentation and/or fusion of the small chromosomes. In the present 
study several instances were found in which there was indication of 
fusion on the part of these small chromosomes. They were found to be 
arranged either in a line or else grouped so closely together that, as a 
result of fixation, they assumed the appearance of being attached and 
stained as a single chromosome. This phenomenon was observed by 
Akkeringa (1927) Hance (1926) suggests that fragmentation rather 
than fusion is responsible, but no evidence of fragmentation was en¬ 
countered ih the present study. Another likely cause of this polisomy is 
non-disjunction: a phenomenon which would give nse, in equal numbers, 
to cells with higher and cells with lower chromosome numbers. This 
irregularity in respect of the small chromosomes is probably very com¬ 
mon, and can be responsible for the variation in chromosome numbers 
recorded by different investigators. If, as is thought, these small 
chromosomes are unessential to the species, if they do not carry the 
genes for characters being studied in an experiment, it is unlikely 
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that irregularities in their distribution will have any detectable effects 
genetically. 

It was necessary, therefore, to study the morphology of the chromo¬ 
somes rather than their number. The chromosomes of the fowl can be 
grouped into three size classes—long, medium, and small. This variation 
in size is very well revealed in sections from the embryo, and is illustrated 
in Plate II, fig. l. The long and the medium-sized chromosomes exhibit 
a tendency to arrange themselves at the periphery of the metaphase plate, 
whilst the small ones are situated centrally (Plate I, figs. 1-4). Such an 
arrangement is characteristic of complexes in which great size differences 
between the individual chromosomes exist It has been shown recently 
in many instances that it is due to mechanical forces which operate at 
the time of prophasc, and also to the arrangement of the spindle at 
metaphase. 

The relative length of the long and small chromosomes has been given 
by Shiwago (1926) and Akkeringa (1927), according to whom the long 
chromosomes are about 3 ft, whilst the small members of the complex 
are about 5-6 times less than this. In the present study the difference 
between the long and the small would seem to be much greater, the 
small ones being 10, 25, or even 30 times less than the longest. The 
difference between the present findings and those of Shiwago and 
Akkeringa is probably due to differences in the age of the embryo, for 
older embryos have thicker and somewhat shorter chromosomes than the 
very young (see Plate I, figs 3-4, and Plate II, figs. 1-9), whilst different 
fixative and staining techniques may also be partially responsible. 

The chromosomes of the fowl exhibit a very great capacity for extreme 
condensation and contraction. Hance (1926^), who investigated chromo¬ 
some behaviour in tissue culture, found that the chromosomes at prophase 
in mitosis were attenuated and more twisted than was the case in tissues 
derived from growing embryos. It is probable that this difference is a 
reflection of the differences in environment, for cells i« vitro lose their 
characteristic properties and dedifferentiation occurs. A comparison 
between cells cultivated tn vttro and cells taken from the living organism 
might therefore be expected to reveal different features. 

The form of the long chromosomes is variable. The attachment 
constriction, which is one of the few definite and permanent characters 
of the individual chromosome, determines the form of the chromosome; 
but the avian chromosomes do not show the loci of the spindle-fibrc attach¬ 
ment until the very end of metaphase (Plate III, figs. 4 and 5); and only 
when the chromosomes are arranged at the metaphase plate, and at the 
time of the separation of the two daughter halves, can the attachment 
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constriction be located. It becomes necessary, therefore, when describing 
the form of the chromosomes, to state which particular stage is being 
examined, for even at metaphase there is still great variation. It is 
probably because the tissues were fixed at different stages of prophase 
and metaphase that the figures and descriptions of the chromosomes 
given by different investigators differ. The two longest chromosomes in 
the diploid complex show very clearly a submedian attachment coi> 
stnetion (Plate I, fig. 4), whilst others of the longer chromosomes have 
subterminal, terminal, and, in the case of one pair, a median attachment 
constriction. 

Cytological differences between the male and the female complexes 
have been described by Guyer (1916), Hance (1924), and Shiwago (1924) 
The presence of two relatively very long chromosomes in the male and of 
one of the same length and form m the female, in association with a very 
small chromosome, is taken to indicate that the male is XX, the female 
XY. In the present study there were found in the males of the control 
birds two chromosomes which were the longest in the whole complex 
(Plate I, fig. 4) Their precocious condensation and their permanent 
structure with short and long limbs, the piermanent submedian locus 
of the attachment constriction and the fact that they exhibited the 
phenomenon of succession at division (Plate III, fig. 6) were accepted as 
evidence that they were qualitatively different from the remaining 
chromosomes in the complex. In the female only one chromosome 
possessing the same properties was observed (Plate I, figs. 1-3). In 
oogenesis, as has been stated, only one long thread was found during 
prophase These are therefore regarded as the X>chromosomes. In 
the male they he frequently side by side, although in certain instances 
they are arranged in the metaphase plate as mirror images. Gonomenc 
groupings, in which the parental chromosomes exhibit a tendency to 
remain apart, as described by Shiwago, were not identified in the present 
study. 

In the tissues derived from the offspring of the exceptional bird, in 
certain metaphase plates, an unusually long chromosome was found. Its 
length, being calculated by means of camera lucida drawings, was found 
to be twice as long as the longest chromosome in the complex of the 
control birds. It is illustrated in Plate II, figs 4, 5, and 7, and Plate IV, 
fig. lb. The most probable explanation of this long chromosome is that 
It consists of two, these being attached at the shorter limb or at the 
attachment constriction. In other cells, three instead of two members 
of the complex showed the characteristic submedian attachment con¬ 
striction (Plate II, figs. 2, 3,6, and 8), and the size of the extra chromosome 
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exactly resembled the two longest ones, which were identified as the 
X-chromosomes in the male complex. These chromosomes, as did the 
extremely long ones, exhibited stronger condensation, they were thicker 
and they stained more deeply than the rest For these reasons they were 
regarded as the X-chromosomes 

Among the control birds two types were identified: males with a 
variable number of small autosomes, but with two large X-chromosomes; 
and females with a variable number of small autosomes, but with one 
large X-chromosome. The Y-chromosome could not be recognised as 
such with any d^ree of certamty for the reasons that in size it is very 
similar to the small autosomes and that the number of these was variable. 

Among the progeny of the exceptional male three types could be 
identified cytologically (in all the number of small autosomes was 
variable): XX males, X females, and XXX males. For the reasons 
given, the XXY male and the XYY female could not be recognised. 
The exceptional bird himself appeared to have the XX sex-chromosome 
constitution. His exceptional gold son also appeared to be XX, whilst 
in his exceptional daughters only one X was present. The XXX in¬ 
dividuals were silver males. 

The presence of tnsomic diploids, 3X : 2A, in which the X was 
represented thrice instead of twice, among the progeny of this exceptional 
bird can be accepted as proof that non-disjunction was concerned in their 
origin, and that their sire, being exceptional in colour and behaving as a 
genetic gold in mating, was himself a non-disjunctional individual with 
the XXY sex-chromosome constitution. 

Non-disjunction of the small autosomes would seem to be followed by 
no disadvantageous or recognisable repercussions, but non-disjunction of 
the large X-chromosomes, because of their relation to the sex-determining 
mechanism and to the distribution of the genes for the sex-linked characters, 
can be recognised by genetical peculiarities. 


Summary 

An exceptional gold cock, ex Light Sussex x Rhode Island Red, 
when mated to Light Sussex females, produced 66 silver males, 2 silver 
females, 48 gold females, and i gold male. Cytological exammation 
detected trisomic diploid silver males amongst the progeny. For the 
reasons that the number of the small chromosomes in the complex is 
variable, and that the Y cannot readily be distinguished from the small 
autosomes, it was not possible to identify any other cytologically exceptional 
types (XXY and XYY). The combined genetic and cytological evidence, 

P.R S.B.—VOL. LIU, 1932-33, PART II. 7 
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however, is sufficient to warrant the conclusion that this exceptional cock 
was an instance of secondary non-disjunction of the sex-chromosomes, 
having the constitution (sX) (sX)Y. 

After the MSS. had gone to Press there appeared in \.Vt Journal of Genetics (vol. xxvi, 
No. 3, pp. 345-350, December 1932) a paper by Mr M. J. D. White on “ The Chromo¬ 
somes of the Domestic Chicken,” in which the diploid number is given as 66±2. No 
V-chromoBome was identified ■ the male is XX, the female presumably XO. The 
largest autosomes seem very similar to the X-chromosome in «ze and shape The 
illustrations are impressive. However, it remains impossible to identify more than 
32-35 chromosomes in my preparations, and differences in our counts must be referred 
to differences in our techniques. Further, it is the case that I did not pay very much 
attention to the small fragments of chromatin material. I have considered the possi¬ 
bility that 1 had mistaken a large autosome for an extra X-chromosome, and am satisfied 
that by reference to the site of the attachment constnetion I have distinguished the 
one from the other. 
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DESCRIPTION OF PLATES 
Plaie 1. 

Figs I, 2, and 3. Somatic chromosome complexes from the 17-day-old female 
embryo. (x 4-500.) 

Fig. 4. Somatic chromosome complex from a 17-day-old male embryo. 
(x4-soo) 

Fig. 5. Diploid complex of cork, after Shiwago. ( x 3‘soo.) 

Fig. 6. Diploid complex of hen, after Shiwago. T^e small Y-chromosome is 
dejneted ( x j-soo.) 

Fig. 7. Diploid complex of cock, after Hance. ( x 4-200.) 

1 ' ig. 8. Diploid complex of hen, after Hance (x 4-200 ) 

1 -ig 9. Diploid complex of cork, after Stevens. (x 3-200.) 


Plate II. 

Fig. I. Somatic chromosome complex of a 5-day-old embryo, showing size 
differences. Two X-chromosomes can be identified ( x 4-500) 

Figs. 2 and 3. Somatic chromosome complex of a silver son of the exceptional 
bird. Three X-chromosomes are present, (x 4-500) 

Figs. 4 and 5. Somatic chromosome complex from the same 'I’hc two 
X-chromosomes are attached ( x 4-500.) 

Fig. 6. Somatic chromosome complex from embryo derived from exceptional 
bird. Three free X-chromosomcs are to be found ( x 4-500.) 

Figs. 7, 8, and 9 Chromosome complex of embryo with three X-chromosomes. 
In fig. 7 two of the X’s probably attached. (x 4-500.) 


Plate III. 

Fig. 1. Haploid complex of a secondary spermatocyte, after Stevens The 
number of chromosomes is 21. ( x 3-200.) 

Figs. 2 and 3. Haploid chromosome complex of the secondary spermatocytes, 
'rhe number is 16 and 15. ( x 4-500.) 

Fig. 4. Mitotic metaphase with long chromosomes and centrally arranged 
small chromosomes. (x 4-500.) 

Fig. 5. Mitotic metaphase to illustrate the onset of metaphase. ^ x 4-500) 

Fig. 6. Mitotic anaphase. The long chromosomes arc delayed in their 
movements towards the poles (succession). They are regarded as the X-chromo¬ 
somes. (x 4-500.) 

Fig. 7. Diplotene bivalents representing the most frequent types during 
oogenesis. On the right, the single X-chromosome is depicted, I x 2-300) 
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Platk IV. 

Fig, la. Microphotographs of somatic metaphase from a silver son of the 
exceptional bird. The three X-chromosomes can be seen. (x 3-300.) 

Fig lb Microphotographs of somatic meUphase from the same. Two 
attached X-chromosomes are depicted. ( x 3-300.) 

Figs. 30 and 3a. Eggs with diplotenc bivalents during oogenesis. The 
chiasmata are shown in figs. 2b and 3^. ( x 1-500.) 

Fig. 40. Diplotene stage, from the female. 4b depicts the chiasma formation. 
(X 3-300) 

Pi ATir V 

Section of an ovary from a 3^-months-old bird The developing eggs differ 
in volume, but the diplotene stage is present in all Stamed with new magenta 
crystal. 


{Issued separately March 30, 1933 ) 
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IX.— The Intellectual Resemblance of Twins. By Louis 
Herrman, M.A. (Research Assistant in the Department of 
Social Biology), and Lancelot Hogben, M A , D.Sc. (Research 
Professor of Social Biology in the University of London). 

(.MS. received December 8, 1932 Read Febniaiy 6, 1933 ) 

I. Statement of the Problem and Previous Work. 

The characteristics of social behaviour in man are conditioned by previous 
experience What is observed is the product on the one hand of a certain 
gfcnetic constitution and on the other of an intricate, prolonged, and at 
present largely obscure, process of training and physical environment, 
including both the environment of the foetus and family influences, social 
and physical. The experimental methods for detecting differences due 
to single gene substitutions cannot be applied directly Indeed, we can 
see no immediate prospect of applying to social behaviour methods of 
genetic analysis such as have led to the mapping of the chromosomes in 
animals and in plants. With methods available at present, genetic inquiry 
can undertake to detect whether any gene differences are associated with 
observed differences, and whether such gene differences are recognisable 
throughout a comparatively wide or narrow range of social and physical 
environment. 

The first prerequisite for such an inquiry is a quantitative method 
for describing some particular aspect of social behaviour Ideally such 
a method should possess two characteristics These are, first, high 
reliability—that is to say, a close measure of correspondence between 
repeated tests on the same individual examined successively within a 
short interval of time—and second, ability to yield an index characteristic 
for the individual measured over a comparatively long period of time. 
The only descriptive methods applicable to the social behaviour of human 
beings at present capable of fulfilling both requirements arc tests of the 
type originally devised by Binet, and subsequently modified by a large 
school of workers, including Spearman, Terman and Burt among others. 
Given a quantitative method of high reliability for describing any char¬ 
acteristic or charactenstics of social behaviour, the problem stated above 
suggests inquiry along several different lines. 

In surveying these several lines of inquiry it is first necessary to 
distinguish between gene differences which arc recognisable throughout 
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the range of environment to which members of the same fraternity are 
exposed and gene differences which are recognisable throughout the whole 
range of environment to which members of different families arc exposed. 
Within the first group it is necessary to draw a further distinction. 
Members of the same family may have the same birth-rank (when plural 
births occur), or, as is more usually the case, the birth-rank of two members 
of the same family may be different. Presumably such differences of 
environment operating upon different individuals within the same family 
unit are less in the first case than in the second. Different methods of 
investigation arc appropriate to each type of problem. 

1. To detect gene differences associated with observed differences 
between individuals of the same birth-rank brought up together in the 
same family, a comparison of the resemblance of identical and non- 
identical twins may be made 

2. A comparison of the resemblance between ordinary sibs • and 
fraternal twins may be used to determine how far environmental differ¬ 
ences associated with different birth-rank limit the exhibition of gene 
differences between individuals belonging to and brought up in the same 
family 

3. For elucidating gene differences which manifest themselves as 
observed differences between individuals belonging to different families 
at different social levels, it is much more difficult to obtain the requisite 
data. Two method.s assist us to arrive at a conclusion. One is to stan¬ 
dardise the environment of individuals who are not genetically related. The 
other IS to vary the environment of individuals who ate. The first is 
that employed by Freeman, Holsinger and Mitchell (4), who have placed 
on record correlations between adopted children and sibs of the families 
into which they have been adopted. The second is to compare twins or 
sibs reared apart. No adequate sample of twins reared apart has yet 
been studied in this connection Freeman, Holzinger and Mitchell 
(op cit.) have recorded correlations for Intelligence Quotients of sibs 
adopted into different homes 

The present inquiry is concerned with the first two, and more especially 
the first of the three problems stated in the preceding paragraph There 
have been several previous investigations of this kind. The results in 
the form of correlation coefficients are summarised in Table I. From 
this it will be seen that the numbers hitherto examined have not been 
so large as to dismiss the need for fuller investigation. Two points upon 

* Here and throughout sib » used to denote brothers and sisters of different birth- 
rank. Increase in crossing over as the age of the parent advances must also be taken 
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which previous researches suggest more careful inquiry will be evident 
from the facts summarised therein. The first is that no previous publica¬ 
tion has recorded data bearing upon the resemblance of both twins and 
ordinary sibs tested with the same test, at the same time, under the same 
conditions, and by the same observer. The second is that no previous 
investigation has simultaneously compared the resemblance of fraternal 
twins of unlike sex and of dizygotic twins of the same sex. The signi¬ 
ficance of the first issue has been stated already That of the second 
demands further elucidation 

Differences in social behaviour between fraternal twins of like Sex and 
fraternal twins of unlike sex may arise cither from differences in environ¬ 
ment or from differences in genetic constitution hitherto overlooked As 
regards the first we have no reason to suppose that the social environ¬ 
ment of twins of opposite sex will be quite as similar as the social environ¬ 
ment of boy pairs or girl pairs. Therefore it is important to ascertain 
whether in fact fraternal twins of unlike sex are as much alike as fraternal 
twins of the same sex. Clearly if they are, environmental differences 
of this category do not significantly affect observed differences in the 
behaviour of twins The second issue has recently been pointed out by 
one of us (Hogben, 6) The fraternal correlation arising when trans¬ 
mission is sex-linked differs according to whether the sibs compared are 
boy pairs, girl pairs, or mixed pairs. If an appreciable amount of varia¬ 
bility arises from sex-linked genes the observed correlation for mixed pairs 
will be lower than for either boy pairs or girl pairs, the last-named being 
highest of all The theoretical values are briefly summarised in Table II, 
in which the figures refer to the case of a single gene substitution and the 
values for complete dominance refer to equal frequencies of the allelo¬ 
morphic genes. 

Table II —Corrhation Couhiients toR Fraternal Resemblances. 

Dominance Complete Heterozygote Intermediate. 

Autosomal Scx-linkcd Autosomal. Sex-linked 
Brother brother o 42 o 50 o 50 o 50 

Brother sister o 42 o 29 0-50 o 35 

Sister sister 042 067 0-50 075 

In the present inquiry special attention has been directed to the 
following points:— 

(o) To secure a sample of dimensions adequate to separate from the 
entire group of like-sex twins a large group of individuals exclusively 
belonging to the dizygotic type for comparison with twins of mixed sex. 
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(^) To test a comparable group of sibs under the same conditions, 
all individuals of the same pair of sibs or twins being tested simultaneously 
by group tests 

(r) To preserve the strictest scrutiny of resemblance with respect to 
the sexes of the pairs studied, and, if sibs, of birth-rank also 

{d) To utilise Stocks' finger-print criterion for the diagnosis of fraternal 
and identical twins. 

2. Differential Diagnosis of Monovular and Diovular Twins. 

Organised co-operation between a number of large hospitals willing 
to undertake an autopsy for the detection of corpora lutea in the ovaries 
of mothers of twins dying in childbirth might supply the requisite 
data to establish the genesis of twins In the meantime there is no direct 
evidence for the view that twins of the same sex are of two kinds, the 
individuals of one type being formed in the usual way from separate 
ova, and the separate individuals of the other type from one and the 
same ovum. Of late this belief has been placed upon a more satisfactory 
foundation than it formerly enjoyed by two types of statistical inquiry. 
One is embodied in Fisher’s analysis of Lauterbach’s data (3) It will be 
referred to under section 5 The other is embodied in the extremely 
important contribution of the recent work of Dr Stocks (12). Stocks 
approached the issue in the following way Two main types of data 
have strengthened the belief in the monovular and diovular origin of 
identical twins One is the displacement of the ratio of like-sex to mixed- 
sex pairs from what would be expected if all twins were of diovular origin. 
The other is the existence, within the like-sex group, of twins who are 
much more alike than ordinary brothers or sisters Evidently the hypo¬ 
thesis stated above is greatly strengthened if both considerations can be 
harmonised on a quantitative basis. 1 'his is what the w’ork of Stocks 
has succeeded in doing. 

If the hypothesis that identical twins are of monovular origin is correct, 
the statistics for the respective frequencies of like and mixed-sexed pairs 
permit us to predict what proportion—roughly a half in European countries 
—of all like-sexed pairs belong to the identical type It should also be 
possible to divide all twins of like sex into two groups, one of which yields 
a higher correlation than the other for any measurable characteristic 
whatsoever. The former group must form the same fraction of the 
whole as the proportion of identical twins in the like-sex group predicted 
on the basis of the sex ratio. Clearly it is a matter of convenience what 
characteristic we select to separate the twins of like sex into two such 
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groups. Stocks found that finger-print resemblance of mixed pairs never 
exceeded a certain figure which permitted him to separate the like-sex 
twins into two classes. One of these yielded correlations in the neigh¬ 
bourhood of unity and the other correlations of the fraternal order of 
magnitude for a wide variety of anatomical and physiological measure¬ 
ments. The magnitude of the two classes in his inquiry corresponds with 
remarkable fidelity to what would be predicted from the sex ratio. 

The results of Stocks’ inquiry show that in his own hands the finger¬ 
print method of diagnosis is a most valuable instrument For that reason 
the present writers decided at the outset to take finger-prints of all the 
children tested in this investigation. The criterion Stocks prescribes is 
stated thus in his monograph: "Compare the corresponding finger- 
patterns on the same-sided hands of the two sets and mark off those 
which are similar, giving a total of a similar pairs. 

" Examine the remainder one by one for similarity with the correspond¬ 
ing finger of the opposite-sided hand of the other child, provided that 
that finger has not already been marked, and add the number of similar 
pairs of fingers so found to a, giving the total /9, in looking for crossed 
similarity one pattern must, of course, be the mirror image of the other. 

"Compare the corresponding finger-patterns of each child separately, 
left with right, and count the total pairs y, of similar pattern, allowing 
for reversal of pattern. 

"If ^=7 or more, or alternatively if is greater than y, the twins 
may be regarded as monozygotic; if /3=6 or less and P is equal to or less 
than y, they may be regarded as dizygotic.” 

The standard of similarity which Stocks adopted is stated thus: Similar 
finger-prints “are not only of the same class (arch, whorl, loop), but are 
so much alike as regards general configuration, inclination of axes, 
position of deltas, and number of ridges as to make tAem appear the same 
to a casual examination, without counting the ridges or looking for 
minutiae." 

Whether the finger-print method of diagnosis can yield the same 
clear-cut results in the hands of another investigator depends upon how 
far the specification of similarity given by Stocks is sufficiently definite 
to eliminate personal idiosyncrasies m making a "casual examination" 
which does not involve actually counting the ridges or looking for minutise. 
Stocks examined 52 mixed-sex pairs of whom only 3 had more than 
5 fingers alike on corresponding hands, and none of them had more 
than 6 similar patterns on corresponding fingers of corresponding 
hands. Roughly, half of the like-sex pair twins had more than 5 pairs 
of similar finger-prints. 
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The present writers have examined a somewhat larger sample and 
have included in their survey a control group of ordinary sibs. Table III 
gives the mean number of finger-print resemblances on corresponding 
hands, together with the number of individuals in each class examined. 
The criterion adopted was, as nearly as the specification permits, that 
which Stocks prescribes. It will be seen that there is a significantly 
greater resemblance in the finger-print patterns of twins of like sex as 


Table III.— Finger-print Resemblances (Jjame Hand). 


Mean 


Twins Boy pairs 5 66 

Girl pairs 6-14 

Stbs • Boy pairs 4 05 

Girl pairs 4 54 

Twins I.ike-sex pairs 5 91 

Siis: Like-sex pairs 4-27 


Twins. Mixed-sex pairs 397 
Sibs Mixed-scx pairs 4 73 


Standard Error No. 

of Mean Examined. 

A019 133 

io 20 148 

±0 25 66 

±0 29 57 

±0-04 281 

±0'i6 123 

1018 143 

±021 97 


compared with twins of unlike sex, and that there is both among twins 
and sibs closer similarity between girls than boys, possibly indicative 
of the contribution of sex-linked genes to finger-print differences. The 
frequency distributions are given in percentages in Table IV. From this 
It is seen that the dispersion for mixed-sex pairs of twins or for ordinary 
sibs is much more pronounced than it was in the sample examined by 
Stocks. This table refers only to resemblance in fingers of corresponding 


Table IV.—Frequency Distribution of Finger-print R£S£mblance.s 
(IN Pfrontaces) 


012 34 56789 10 


> 7w»i»x.- Boy pairs .0 3* 53 90 ‘<>5 «5’o “ ‘4 3 83 90 3-0 

Girl pairs. o 54 34 bS 12 S 10-8 9-4 169 176 81 8*8 

Like-sex pairs .0 46 43 78 11-3 »3» ‘49 i57 *3 * *5 5’‘ 

Unlike-8«xpairs 4-2 8-4 133 I7S >7 5 «S4 105 8-4 35 >4 o 


All twin pairs . 1-4 59 73 ll 9 '3 7 '3 9 >3 4 13» 9 9 6 i 4-0 


Stbs: Boy pairs. .45 76 io-6 182 197 121 13b 91 4 5 o o 

Girl pairs. .3-5 5 3 'O’S 'O’S '9-3 «•' 8 8 10-5 7-0 3-5 o 

Like-iex pairs . 41 65 106 146 195 163 114 97 5 7 '-6 o 

Unlike-sex pairs 21 J 2 144 '54 *37 '65 S' 7'* 3' '« 

All sibling pairs 32 5-5 9-' '4 5 '77 ' 9-5 ' 3-6 7 7 64 j 3 0-5 
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hands. The difficulty of separating twins into two classes by finger>print 
diagnosis in this investigation is brought into prominence in Table V. 

Table V.—Percentage Finger-print Re<ii.mblances in Twins and 
Siblings. 


No. of Fingers Similar. 

Under Seven 

Six 

Over Six 

Tu'tns Boy pairs 

64-6 

21 0 

34-6 

Girl pans 

486 

94 

S»-4 

Mixed pair. 

86 8 

IO-$ 

13-3 

Stbi ' Boy pairs 

86-3 

136 

136 

Girl pairs 

790 

88 

21-0 

Mixed p.ur!. 

83 s 

16 s 

164 

TwtHS Like-sex pairs 

566 

14-9 

430 

Unlike-sex pairs 

868 

105 

>33 

Siis Like-sex pairs 

827 

11 2 

17-3 

Unlike-sex pairs 

835 

165 

164 


No criticism of the work of Stocks, whose investigation merits the 
highest commendation, is implied in the statement that the present writers 
could not succeed in using the (inger*print diagnosis to effect such a 
clear-cut separation as he was able to do. Prtma facte^ there is no reason 
why any single criterion should be able to distinguish all identical twins 
of the same sex. On the other hand, a single criterion may be used to 
separate from the entire class of like-sex twins a group of pairs all of 
whom are dizygotic. In taking finger-prints of children who were tested 
in the present inquiry, other physical similarities, height, eye and hair 
colour, ear and dental configuration were carefully noted, and the entire 
group of twins of like sex were subdivided into four classes showing different 
grades of similanty independent of finger-print pattern. The finger-print 
distribution of the individuals in each of these classes is given in Table VI. 
This table is divided into four sections. Henceforth individuals belonging 
to the bottom section on the left hand of the table will be referred to as 
the “D” group. Individuals belonging to the top section on the right- 
hand side will be referred to as the "M” group of like sex-twins. The 
"D" group consists of individuals with less than six similar finger- 
patterns on the same hand and a complex of striking physical dissimilarities 
in other particulars. The "M ’’ group consists of individuals all of whom 
display more than six finger-print similarities and somewhat less uni¬ 
formity in other criteria of physical similarity. On the basis of the 
generally accepted hypothesis it seems justifiable to suppose that the 
“D" group so defined will be exclusively composed of dizygotic pairs. 
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and that the “M” group will contain a very high proportion of mono- 
zygotics with an appreciable dilution of the dizygotic type. In fact, both 
these suppositions are found to be consistent with the results obtained 
from the application of Fisher’s method to the analysis of the intelligence 
test data. 

Table VI —Relation of Finger-prini Similarity to Genehal 
Reseublance. 

No. of Finger-pnnts .Similar, 
o I. 2 3. 4 5 6 7 8 q 10. 


1 “ Identical ” 

II “ Probably ” identical 
III, “ Possibly " identical 


IV. Non*identical . 


Table VII.— Ace Distribution of Twins 

Yean 


Like-tex Pairs 

7-8 

8-9 

q-lo 

lO-II 

tt-I2 

12-13 

13-M 

14-15- 

15-16. TotaU 

M .. /Boys 


8 

5 

8 

4 

9 

5 


30 

“ \Girli . 

2 

7 

9 

18 

>4 

4 

S 


I 61 

»n» 

1 

S 

13 

6 

»s 

8 

5 

1 

54 

^ tCirli 

* 

6 

10 

7 

10 

10 

S 

2 

5« 


1 

S 

4 

8 

12 

t 

4 


40 

\Girl8 

‘ 

7 

9 

S 

9 

5 

2 

I 

I 40 

All tx^s 

2 

18 

22 

22 

31 

*3 

MM 

■■ 

133 

All girls 

4 

20 

28 

30 

33 

19 

won 

■1 

2 152 

All like sex. 

6 

38 

SO 

5* 

«4 

4a 

26 

s 

2 285 

All unlike sex 


14 

*3 

17 

40 

29 

14 

2 

139 

TotaU . 

6 

Sa 

73 

69 

104 

7« 

40 

7 

2 424 


3. Sample of Children Examined 
The children examined were elementary school pupils in the London 
County Council area. After a preliminary survey of the twin population 
of the L.C.C schools, the schools were selected if they contained six 
or more pairs of twins of the requisite ages. The Intelligence Group 
Tests employed were suitable for normal children of eight years of age 
or over. The bulk of the children examined were between 8 and 14. 
The age distribution of the twins is given in Table VII. The like-sex 
P.K.S.B.—VOL. uii, 1932-33* fart 11. 8 
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pairs are classified as boy or girl pairs in three groups. “M” and “D” 
have been previously defined. “X” represents the remainder of the like- 
sex pairs that do not come within these two classes. 

The distribution of ages is of especial importance m connection with 
siblings As it is very difficult to attain a standard of perfection repre¬ 
sented by zero correlation between any individual index, such as Intelli¬ 
gence Quotient, and Age, it is highly desirable when comparing pairs 
of individuals to minimise age differences as far as it is practicable From 
Table VII, which gives the mean ages of each pair of sibs examined, 
together with the interval between the birth of each pair, it will be seen 
that 90 per cent of the sibs examined did not differ by more than three 
years, and the mean age of rather more than half of the pairs lies between 
nine and twelve years of age Roughly, two-thirds of the sib pairs differed 
by less than two years in age. 

4. The Tests Employed. 

The Group Test selected was the Otis Advanced (Form A). This 
includes ten categories of performances: i. Directions. 2. Word Oppo¬ 
sites. 3. Pied Sentences, 4. Proverbs. 5, Numerical Problems. 6. Geo¬ 
metrical Figures. 7. Analogies. 8. Formal Similarities. 9. Narrative 
Completion 10 Verbal Memory. The Otis Group Test was selected for 
two principal reasons One is its high coefficient of reliability, which is 
given by Kelley as 0*97. The other is the very extensive tests on which the 
published norms are based. The age distribution of the scores for the Otis 
tests have been published for a sample of 25,226 unselected pupils from 200 
cities of the United States. The Intelligence Quotient (I.Q) referred to 
in what follows is the ratio of the Mental Age to the Chronological Age 
expressed as a percentage, Mental Age being defined as the age corre¬ 
sponding to the score recorded in the published norms. The justification 
for using this index resides in the extent to which it yields a value inde¬ 
pendent of age for one and the same individual. The first prerequisite 
of such an inquiry as this is therefore to ascertain the correlation between 
the I.Q calculated on the basis of the American norms and the ages of 
the L.C.C. school children to whom the test was administered. In this 
investigation each pair of sibs was entered upon a card, one member 
on the left-hand side, the other on the right. Since the test scores of some 
individuals were below the lowest figure for which an age norm is given, 
there is a slight discrepancy between the number of individuals respectively 
included in the contingency tables for age and I.Q. for the right-hand and 
left-hand members of a pair. The correlations obtained are given in 
Table IX. 



Age Groups. 



(ii) Left-hand 



Meam LQ. 
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For the children as a whole the correlation between age and I.Q. 
does not diflFcr from zero so much as to introduce a serious error in treat¬ 
ing the I.Q. as constant for age in the subsequent analysis. It will be 
noted, on the other hand, that the correlation for the group of elder sibs 
IS significantly high. The reason for this is not far to seek. The method 
of selection does not yield a strictly random sample of the population for 
two reasons. Brighter children leave the elementary schools for Central 
or Secondary schools at about twelve years of age, so that the children 
between twelve and fourteen may be expected to be a relatively backward 
group A second selective feature in the inquiry arises from the fact 
that the published norms for the test begin at eight years of age. Hence 
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Fio. I.—Two lainplei respectively of 576 (white cudes) and 570 (black cirdes) unrelated 
children. I Q. plotted against mean age in six monthly dass intervals 


very few subnormal children can be included in the eight-year old class. 
Both these selective factors arc brought clearly into prominence in the 
graph (fig. i) of Age and mean I Q. for each age group in half-yearly 
intervals This shows more clearly than the correlation coefficients given 
in the preceding table the independence of I.Q. and Age within the range 
of nine to twelve years The importance-of this consideration will be 
recognised later in dealing with sib correlation for I.Q. A second issue 
which demands some attention is the magnitude of the error arising out 
of the reliability of the test, i.e, the correlation between successive tests 
on the same individual carried out within a short interval of time. In 
this investigation at each school visited a corresponding number of pairs 
of twins and pairs of siblings were examined simultaneously. Thus in 
all cases both individuals of a pair of either type were examined by the 
same test on the same occasion under the same conditions of illumination. 
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ventilation, temperature, humidity, etc. The same examiner carried out 
the testing throughout the investigation In these circumstances it is 
doubtful whether it is appropriate to apply Spearman's correction for 
attenuation. Actually the point is not of very great importance because 
of the very high reliability of the tests. In Table I the coefficients given 
have been adjusted by the use of Spearman’s formula Elsewhere in 
this publication no such correction has been made. 

S. Homogeneity of the Data. 

If the monovular hypothesis concerning the origin of identical twins 
IS correct, like-sex twins constitute a heterogeneous group. Therefore, 
in so far as the observed differences with respect to a given measurement 
made on both members of a mixed pair of twins or a pair of sibs of like 
sex approximate to a normal distribution, a standard relation between 
the mean deviation and the mean square deviation for the Gaussian curve 
may be used to demonstrate the heterogeneous character of a group of 
like-sex pair twins. This fruitful suggestion was first made by Fisher (3), 
and used by him in the analysis of Lauterbach’s data. 

The relation which exists between the mean difference and the mean 
square difference in a normal population is given by 

where 8 is the difference of any one pair found by subtracting the smaller 
measurement from the greater. If the population is homogeneous the 
difference between the quantities on the left- and right-hand side of the 
equation should not differ significantly from zero. For testing the signi¬ 
ficance the standard deviation is given by: 

. \/iw-6, where 

V« n 

In Table X the mean square differences, etc. for the I Q. measurements 
of each class of twins and sibs are severally given. As far as they go 
the results are consonant with Fisher’s analysis of Lauterbach’s physical 
measurements. That is to say, the difference between the left- and right- 
hand expressions in the relation given above differs from zero by less than 
one and a half times the standard deviation for the group of twins of 
unlike sex and for the groups of sibs of like and of unlike sex. For the 
group of like-sex twins it is nearly two and a half times its standard devia¬ 
tion. When the classes are still further subdivided according to sex, the 
contrast is not so striking; but the ratio of the difference to its standard 
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deviation for both boy pairs of twins and girl pairs of twins is still greater 
than for mixed twins or for boy, girl, or mixed pairs of sibs of different 
ages. One striking fact brought out by the table is that the "D" pairs 
of hke-sex twins as previously defined are relatively more homogeneous 
than the “M” pairs. 



Tabie X—Mean UiFFERENf i-s in I Q 





Sd 

s.d of 




A 







LtJ 

a 



A Twins 

(a) Boy pairs 

16 8 

±i 2 

467 I 

282 2 

+ 24 1 

VI 

22-1 

126 

(b) Girl pairs 

133 

±09 

2958 

1769 

+ 18 I 

1-4 

‘3 2 

I4> 

(r) Mixed pain 

, 179 

d-i 2 

5223 

3204 

1193 

09 

23 5 

.38 

B. Sibs 

(a) Boy pairs 

*3 3 

*2 I 

«95S 

5429 

+432 

0-8 

526 

82 

(b) Girl pairs 

184 

±17 

520 9 

3386 

- I 7 

00 

33-‘ 

68 

(r) Mix^ pairs 

21-2 

±17 

7215 

449 4 

+ 160 

0-4 

378 

103 

C Twins . 

(a) “ M ” pairs 

103 

±09 

1<)2 0 

106 I 

+ 25 4 

2-4 

10 5 

95 

(i) " D " pairs 

177 

±i-S 

5*3 3 

3«3J 

+314 

I I 

284 

96 

f) Twins and Sibs 

(0) Like-s«x twins 

149 

±08 

3767 

222 0 

+ 28 2 

23 

12 2 

267 

(b) I.ike-sex sibs 

31 1 

J.14 

7298 

445* 

+ 209 

07 

3» 7 

ISO 

£ Twins and Sibs 

(a) Unlike-sex twins 

«7 9 

-tl'3 

5223 

3204 

+ «9 3 

09 

23 5 

‘38 

(b) Unlike-sex sibi 

21 2 

+ 17 

721 s 

449 4 

+ 160 

04 

37-8 

“>3 


Two issues suggested by the data in Table X demand closer scrutiny. 
The first is how far the mean difference for the “M” pairs differs from 
what would be the mean difference of a completely homogeneous group 
of monozygotic twins The second is to what extent the higher values 
of the sibling pairs are due to imperfect correlation between I Q. and 
Age at the limits of the age scale For this reason it was thought desirable 

1. To separate from the ‘‘M” group the sixty-five pairs which were 

judged to be most certainly identical These sixty-five pairs are 
taken from sixty-seven individuals having more than six finger¬ 
print resemblances in the top row of Table VI, two being rejected 
because they did not )deld an I.Q. 

2. To separate from the sibs a mixed group of which both members 

of a given pair were between the ages of eight and a half and 
twelve years. The total number of pairs in this group was 103. 

The final result of this selection is given in Table XI. The data 
embodied in it is reserved for subsequent discussion. 
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Table XI.— Mean Differences in the I Q. of Selected Groups. 
Monozygotic twins (65) 9 3 ± i o 

Dizygotic twins of like sex (96) 17-7 ± 1 -5 

Twins of mixed sex (138) 17 9 ±1*5 

All pairs of sibs between 8} and 13 years (103) 16 8 :i! 2-3 


6. Correlation for the Intelligence Quotient of Twins. 

In making correlation tables for the I.Q’s of twins and siblings care 
was taken to eliminate a possible source of error by alternating the position 
m the rows and columns of the higher and lower scores. To facilitate 
the utilisation of data here presented by subsequent workers it has been 
thought desirable to tabulate the coefficients of correlation both for the 
raw scores and I.Q. as defined elsewhere The sibling coefficients will 
be dealt with in a subsequent section after consideration of order of 
birth. 


Table XII —Correlation Coefficients for Test .Scores and I.Q 
OF Twins 



Raw Score 

No 

Tested 

10 

No 

Tested 

A. Like sex— 





“ Monozygotic ” pairs 

0-87 *0*02 

65 

084+004 

65 

" M ” pairs 

96 

081 +0-03 

95 

“ D ’’ pairs 

075 ±004 

lOO 

0 47 +008 

96 

All like-scx pairs 



064+003 

267 

Boy pairs 

079+0-03 

13.^ 

067 +004 

136 

Girl pairs 

0 80+003 

I4I 

0 61 +0 05 

141 

B. Mixed pairs 

063 +005 

139 

0 u ±006 

138 


In Table XII there are two features that merit a word of explanation. 
The group referred to as “monozygotic” as distinct from the “M” 
pairs are the same individuals as w'erc judged to be monozygotic for the 
purpose of assigning a minimum estimate for the mean difference in I.Q. 
of identical twins in the preceding section. The numbers of individuals 
included in the computation of the coefficients for raw scores and for 
I.Q. do not tally in every case. This is because the contingency table 
for Raw Scores in some cases included pairs one member of which scored 
less than the requisite total corresponding to the minimal age in the scale 
of norms used to evaluate the I Q The final result of this part of the 
inquiry is summarised in Table XIII, which also includes the correlation 
for Intelligence Quotient of siblings found in this investigation. 

TablI' XllI —Correlation Coefficient for I.Q of Twins 
Monozygotic twins (65) 0-84 ±0-04 

Dizygotic twins of like sex (96) . 0-47 ±O‘08 

Dizygotic twins of unlike sex (138) 0'5i ±0*06 

Sibs (like or mixed pairs) (103) . 0'32 ±0-09 
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7. Influence of Order of Birth. 

The correlation between siblings has been reserved for separate treat¬ 
ment for reasons already stated. Siblings diflFer from fraternal twins in 
that the constituent individuals of a pair differ in birth rank and are 
separated by an interval of years. Hence any contribution to the observed 
variance in virtue of differences in birth-rank or errors arising through 
imperfect correlation between the Intelligence Quotient and Age call for 
special attention. Owing to the relatively low fertility of the social group 
from which these children were selected, it transpired that, with one 
exception, one member of each pair examined was a first-born offspring. 
Hence any effect due to the handicapping or otherwise of the first-born 
must influence the results obtained considerably. The birth-rank of the 
individuals included in the sibling group examined is given in Table XIV. 

TABLi, XIV—Siblings—Order in Family of Pairs in the Different 
Groups 


First First 

and and 

Second Third 


(irst Second 
and and 
Later 1 bird 


Second 

and 

Later 


Third or 
Later and 
Fourth 
or Later. 


Totals 


Boys 


Girls 


74 3 5 o o o 82 

64 4 o o o o 68 


All like-sex pairs 138 7 5 o o 

Unlike-sex pairs 94 7 I o o 

All sib pairs 232 14600 i 253 

Hitherto the influence of birth-rank upon the I.Q has been studied 
very little. Reference to the importance of recent work by Thurstone 
and Jenkins (13) will be made at a later stage The influence of birth- 
rank is sufficiently well established in connection with characteristics 
which are closely dependent upon or associated with the Intelligence 
Quotient to emphasise the need for very special attention to the problem. 
The observations which emerge from the present inquiry are summarised 
in Table XV. 

As would be expected, the means here exhibited represent a group 
of children above the average This is not surprising in view of the 
fact that no children of decidedly retarded type can be included in the 
lower-age groups. The results show a significant falling off of the second- 
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Table XV.—Mean I.Q. for Children of Different Birth-rank in 
THE Sibling Group 

Fint-bom. Second-1x>rn. Third or Later. 

Boyi. Girls. Boys. Girls. Boys Girls, 

Mean s.d. Mean s d. Mean s d. Mean s.d. Mean s d. Mean s.d 

ii9‘3±*'a iiS6±a'0 iU-()±a i 1083*19 1146190 963*15® 

Combined value for bo}ni and girls 

ii7-S±«-S iii-8*i-4 io8-s*8-o 

bom as compared with the first-bom. Of the third-born nothing can 
be stated, because the number on which the mean value is based is small 
and hence the standard error of the mean is large. The difference between 
the mean values for first-born and second-bom children is approximately 
2-7 times its standard deviation. If the odds in favour of significance are 
not overwhelming on the figures as they stand, there are other good 
reasons for regarding the difference recorded as an underestimate rather 
than an exaggeration of what would be recorded for a more representative 
sample. The selection of data would tend to favour a higher I.Q. for 
the second-bom than for the first, because the second-bom constitute 
a younger-age group It has already been pointed out that the elder 
group would be expected to contain relatively more retarded and relatively 
less bright children than the younger group. This is evident from con¬ 
sideration of the way in which the material was selected, from the negative 
correlation for age and I.Q., and from the graphical presentation of the 
data given in fig. i. Hence a more representative sample might be 
expected to yield a rather higher figure for the first-bom and a rather 
lower figure for the second-born. 

8 , Correlation ok I Q. for Siblings. 

The correlations obtained for the Intelligence Quotients of siblings 
by various authors vary considerably. Dr Kate Gordon’s data for orphan 
children, analysed by Elderton (2), yielded a value of 0-53 This was 
based upon orphanage children, and it may well be that any social factors 
involved in birth-rank are eliminated in an institutional upbringing. 
Pintner (10) gives a value of 0-33. The values hitherto recorded are 
mostly based upon the Binet test, and range between the figure given 
by Pintner and so high a value as o-68 by Hildreth (5). Apart from 
differences arising from the mode of upbringing of the children studied 
and error due to a significant age variation of the I.Q., a further reason 
for disagreement may be sought in positive correlation of unrelated 
children brought up in the same school when the material is selected in 
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such a way as in the present investigation, which includes children taken 
from 88 different schools. This would tend to raise rather than to lower 
the observed eorrelation. 

An analysis of all the data derived from the sibling pairs examined 
in the present inquiry yields coefficients of correlation for the Otis Advanced 
examination as set forth in Table XVI Since the figures recorded for 
various types of pairs classified according to sex were low, it was thought 
desirable to take a group of sibs, excluding the youngest and the eldest. 
It has already been shown that variations of the I.Q. with age may be 
treated as negligible within the range of eight and a half to twelve years. 
For pairs of sibs of which both members fall within these limits the figure 
obtained agrees with that given by Pintncr and is significantly lower 
than Elderton’s value for a group of children brought up under institu¬ 
tional conditions 

Tablf. X\ I --(orrh.\tion Coefficient for the IQ. of Siblim.s 
All like-sex pairs (150) 0-27 iO 07 

tiirl pairs f68) o 26 ±0 11 

Boy p.airs (82) 022 ±010 

Mixed pans (toy) oy9iOo8 

Ml p.^l^s between 8^ and 12 years (loy) 0 ±ooq 

9 General Discussion. 

The results of this investigation will now l>e subjected to more general 
discussion, with special reference to (i) agreement and difference between 
observations of different investigators on different samples; (2) an attempt 
to elucidate the contribution of genetic differences to the observed variance 
in the I Q of offspring of the same parents brought up together in the 
same family environment, whether (a) of the same birth-rank or (^) 
separated by an interval in age. 

(i) Comparison of the Results of different Investigators. 

Concerning the following issues there is now complete unanimity 
between the testimony of different workers:— ' 

(i) The resemblance of like-sex twins is greater than that of mixed 

pairs, and the resemblance of twins of unlike sex is somewhat 
greater than that between siblings of different ages. 

(ii) The resemblance of twins judged to be monozygotic is greater 

than that of twins judged to be dizygotic, the correlation for 
I.Q. in the case of identical twins being of the order 0-85. 

Whether dizygotic twins of like sex are more alike than dizygotic 
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twins of unlike sex cannot be stated with any confidence. No previous 
investigator has assigned figures for both In the present investigation 
neither differs significantly from the theoretical correlation predicted on 
the theory of autosomal transmission m a uniform environment. It may 
be noted, however, that the correlation coefficient and the mean difference 
recorded for dizygotic twins of like sex refers to a group deliberately 
selected for dissimilarity in physique. This may prejudice the result 
somewhat for a reason which will be set forth more fully below A 
possible indication of the significance of sex as affecting the environment 
to which two members of a twin pair arc exposed is given by the fact 
that boy pairs appear to be more alike than girl pairs according to the 
data of Lauterbach and of the present writers All that can be legitimately 
stated on the basis of this investigation is that the subjects examined 
provide no conclusive evidence for the belief that difference of environ¬ 
ment within the family group arising from sex difference do not appreciably 
manifest themselves in the method of analysis that has been adopted 


(2) The Contribution of Nature and Nurture to Observed Differences 
tn the IQ of Twins 

To assign a value for the relative " contribution ” of genetic differences 
and environmental influences tending to differentiate offspring of the 
same birth-rank brought up in the same families, two formulie have been 
proposed by Holzingcr. These will be referred to as the 1 ' and the 
formulae, and they will now be applied to an analysis of the present data 
and those given by other investigators In doing so, we wish to make 
clear that we do not interpret them to mean that the contributions of 
nature and nurture to variability in a mixed population of different families 
are truly additive. All w'e are entitled to ask is how much the variability, 
measured either as mean differences or mean square differences, within 
the family is reduced, when we have eliminated all gene differences such 
as distinguish one member of a fraternity from another member of the 
same fraternity. 

(fl) The first formula may be written 

... 

a; “ 

Here A/ is the mean difference between dizygotic twins of like sex and 
A< is the mean difference between identical twins. The values for T given 
by different observers using different tests are shown in Table XVII. 
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Table XVII —Value of T given for the I Q by different 
Investigators. 

Author. T. Test. 

Holzinger . . 0-5-1 o Binet and Otis 

Tallman o 61-0 62 Stanford Revision 

Herrman and Hogben . o 93-0 62 Otis 

The two figures of Holzinger himself refer to different age>groups. Those 
attributed to Tallman are calculated by the present writers from her 
published data. Tallman herself, whose work is not referred to in 
Table I, which includes only that of authors who have employed the 
method of correlation in the analysis of their data, gives the value of 
A< and the mean difference A„ for twins of unlike sex She examined 
a comparatively large sample of which 84 were mixed pairs, and 158 
like-sex pairs of which 63 were judged to be identical on the basis of 
facial resemblance. Two estimates of the value of T are given for her 
data, one on the assumption that dizygotic twins of like sex are not more 
alike than dizygotic twins of unlike sex, and the other on the assumption 
that her identical group was homogeneous and that the remaining like- 
sex pairs were all of the dizygotic type. Of the two figures given for the 
data of the present inquiry, the first is based upon a literal application 
of the formula, the second is calculated on two assumptions, both 
justified by experience in the present investigation. It is assumed that 
45 per cent of like-sex twins arc monozygotic and that dizygotic twins 
of like sex are not more alike than mixed pairs. Needless to say, these 
assumptions tend to minimise the contribution of Nurture. 

(fi) The second formula proposed by Holzinger is 

I -u 

Two different estimates of /* given by Holzinger and those derived from 
the data of this investigation are as follows:— 

Holzinger . z-o-j-S 

Herrman and Hogben . 2-3-2-6 

As for physical characteristics, there is a considerable discrepancy between 
the estimates derived from these two formulae. There is remarkably 
satisfactory agreement between the figures obtained by applying one and 
the same formula to the data of different authors, as shown in Table XVIII, 
which is partly based upon figures given by Stocks. For the I.Q. an 
approximate mean is given. One thing at least is clear from this table. 
Whichever criterion of the relative "potency" of Nature and Nurture is 
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Tablk Will 
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T. /• 

T. 

/* ’ 

T 
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1 

/• 
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66 

Weight 

IQ 

•75 2-4 
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70 

•75 

36 

30 
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adopted, genetic differences make less difference to variation in I Q than 
to observed variation in such physical characteristics as weight and height 
among individuals brought up in the same family environment 

Holzinger’s two formulae do not interpret the relative “ potency ” of 
nature and nurture in precisely the same sense The ratio T represents 
the relative efficacy of genetic and environmental factors in terms of the 
average difference between members of the same famih—that is to say, 
the mean differences. The second formula measures the relative 
importance of genetic and environmental differences with respect to 
the variance within the family It thus involves mean square differences. 
We can interpret the discrepancy between the ratio of T and t* in the 
following way: The fact that T is less than unity indicates that genetic 
influences account for less than half the mean difference between individuals 
of the same birth-rank and family if produced from separate ova The 
fact that t* is greater than unity might signify that genetic differences 
are more important than differences of environment in producing striking 
discrepancies between members of the same family and the same birth- 
rank. However, there is another interpretation for the fact that /• is 
greater than T. This is that striking differences of environment are more 
likely to occur as between tw'o non-identical twins than between two 
identical twins. 

With the notable exception of Stocks, few investigators have hitherto 
recognised that it is more easy to give a minimal estimate of the con¬ 
tribution of genetic differences to observed variation in physique or social 
behaviour than to give a maximal estimate of the contribution of environ¬ 
mental influences. Sometimes estimates have been given, as in an 
investigation into home influences by Burks (1), when the method 
employed could not possibly yield more than an arbitrary minimum for 
the total effect of nurture. One point mentioned by Stocks is specially 
relevant to the method adopted in this inquiry. In a certain sense an 
organism selects its own environment. A gene, which would on'y be 
manifest as some simple anatomical or physiological peculiarity in a 
carefully standardised environment under laboratory conditions, may in 
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nature bring the organism into situations which reveal genetic differences 
that would not be manifest if the environment were perfectly uniform. 
In an insect a single gene substitution may result in reversing the sign of 
a tropism. In nature a negatively phototropic animal will tend to move 
into more humid surroundings than a positively phototropic individual. 
Thus the presence of a gene whose effect is only manifest under conditions 
of humidity such as that which determines the fruit-fly mutant referred to 
as "vestigial abdomen” would perhaps be more readily recognised in 
nature among negatively phototropic than among positively phototropic 
flies In the Biblical narrative Jacob and Esau were apparently dizygotic 
twins. It is stated that" £.<;au was a cunning hunter, a man of the field, and 
Jacob was a plain man living in tents.” It is conceivable that the disposition 
to hunt is genetically determined It is also easy to see that such a disposi¬ 
tion equips the individual with a different social and physical environment 
from that in which he would find himself if he did not possess it 

Such formul* as those used above involve the assumption that the 
environment of two dizygotic twins does not differ more than the environ¬ 
ment of two identical twins. This assumption is certainly false How 
significantly so in the present instance wc have no means of deciding. 
The difficulty of interpretation arising on this account is increased by 
the method of separating from the like-sex group an exclusively identical 
and exclusively fraternal class. To secure a perfectly homogeneous 
group of dizygotic twins of like sex, individuals showing very striking 
physical differences were chosen Holzinger found that dizygotic twins 
of like sex were more alike than mixed pairs appear to be from the data 
presented by Lauterbach and by the present writers. By the method 
of selection employed, the "D” group of this investigation are rather less 
alike than twins of unlike sex If Holzingcr’s figure is more correct, 
sex is a significant factor in determining environmental differences which 
influence the I Q at some stage in the development of the individual. 
One explanation of the discrepancy is that Holzinger’s group of supposedly 
dizygotic twins may have included some identical pairs. The other is 
that the “ D ” group of this investigation excluded all dizygotic individuals 
so much alike as to defy confident diagnosis. Hence, if physical similarity 
is a factor in deciding differences of environment, a too exacting method 
of diagnosis may lead to an underestimate of the resemblance between 
dizygotic twins of like sex. 

Taking all these considerations into account, the pfesent authors are 
entirely in sympathy with the main conclusion which Holzinger draws 
from his own study. Contrary to a widely spread belief which attributes 
differences in I.Q. predominantly to genetic differences, it is extremely 
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unlikely that genetic diflferences account for more than one-half the mean 
differences among offspring of the same parent having the same birth- 
rank and brought up together in the same family environment. Hence 
genetic conclusions derived from existing studies upon widely different 
racial and occupational groups are devoid of any scientific validity 


(3) Influence of Birth-rank. 

It has already been made clear that comparisons of siblings and twins 
such as are embodied in the present investigation can only yield informa¬ 
tion concerning how’ far differences of nurture limit the manifestation of 
gene differences among offspring of the same parents brought up together 
in the same family environment They throw no light whatsoever on 
the wider problem of variation as betw^een individuals of one family at 
one social level or physical environment and individuals of another family 
at another social level or in a different family environment Whether such 
differences of environment as siblings encounter in virtue of a disparity 
of age or different position in the family group significantly influence 
variation in the I Q cannot be decisively answered from the data pre¬ 
sented here The mean differences for ordinary sibs are not greater than 
for twins. On the other hand, evidence for the significance of birth- 
rank is contributed by the low correlation for ordinary siblings and the 
mean differences of first- and second-liorn children. From one point of 
view the material of this investigation was chosen in such a way as to 
minimise environmental differences arising from different position in the 
family group; since the mean age difference of the sibs examined was 
very small. Any difference between first-born children and children born 
subsequently appeared as a systematic deviation throughout the inquiry 
In a recent study, Thurstone and Jenkins (13) found the I.Q tended to 
increase with successive births in a group of retarded and delinquent 
children; but they also note the existence of other evidence pointing 
to the fact that genius appears to occur among first-born children with 
disproportionate frequency. In the group of relatively bright children 
studied by the present writers, the first-born children proved to be brighter 
than those bom later. Probably, owing to paucity of material, the twin 
pairs were a more strictly random selection of individuals than the sibs 
examined. Any selection involved in taking pairs of sibs would minimise 
the difference in their intellectual status. The balance of evidence is in 
favour of the view that the intellectual resemblance of fraternal twins is 
greater than that of ordinary sibs brought up together under ordinary 
conditions of family life; but that fraternal twins are not more alike 
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than ordinary siblings reared in institutions where the social environment 
is more uniform than that of a normal family. From the standpoint 
of animal genetics it would not be surprising if such a difference existed. 
Sewall-Wright (ii) has found a significantly higher correlation, with 
respect to certain physical characteristics in the guinea-pig, for litter- 
mates as compared with offspring of the same parents but belonging to 
different litters. 

(4) Indications of Sex-ltnkage. 

Indications of the contribution of sex-linked genes to variability in 
finger-print pattern has already been mentioned. The present investiga¬ 
tion did not yield evidence of the contribution of sex-linked genes to 
differences in I Q. If sex-lmked genes appreciably affect variability in 
I.Q. male pairs of offspring of the same parent should show less resem¬ 
blance than female pairs, and mixed pairs should be least alike. Actually 
boy twins appear to be more alike than girl twins. In the sib-group girl 
pairs were slightly more similar than boy pairs, but any genetic significance 
which might be attached to the small difference observed must be ruled out 
on account of the greater resemblance of unlike-sex pairs It would be 
necessary to investigate a much larger sample before conclusions could be 
drawn concerning the contribution of sex-linked genes 

10. Summary. 

Comparison of the response of twins and siblings to a group intelligence 
test shows that the mean difference between the intelligence quotients of 
individuals belonging to the same fraternity and having the same birth- 
rank is reduced by somewhat less than a half, when no gene differences 
directly or indirectly influence the difference between individuals belonging 
to one and the same pair 
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Introduction. 

During recent years it has become increasingly possible to interpret 
unusual genetic phenomena by reference to peculiarities in chromosome 
behaviour. Examples of such cytological explanation are found in the 
studies of triploidy by Bridges and Anderson (1924) and Redfield (1930, 
*932)1 of translocations by Dobzhansky and Sturtevant (1930), 
Rhoades (1931), and Dobzhansky (i932«). But, thus far, the phenomenon 
of complete linkage m the male of Drosophila has not been explained 
satisfactorily by direct observation of spermatogenesis. Doubtless this 
has been due partly to technical difficulties, and partly to the fact that 
chromosome behaviour is only now beginning to be understood. How¬ 
ever, the first difficulties have been eliminated by Metz (1926), Guyenot 
and Naville (1929), and Huettner (1930); and the second by Belar (1928), 
and more recently by Darlington (1932^}. 

The present study deals with spermatogenesis in D. obscura, and 
attempts to offer a theoretical explanation, based on the observations 
obtained, for the absence of crossing-over in the male. 

Material and Technique. 

The Hies were obtained in 1928 from America through the kindness of 
Professor Lancefield, and have since been bred in the Institute of Animal 
Genetics, Edinburgh. 

Newly hatched males were used. The maturation of D. obscura takes 
longer than in D, melanogaster, and the testes of young flies nearly always 
exhibit every stage of spermatogenesis. The only disadvantage is that 
the spermatogonial cells and chromosomes are smaller than in other 
species of Drosophila. However, this was counterbalanced by the fact 
that large numbers of cells exhibit different stages of spermatogenesis. 
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and the chromosomes are arranged in one plane at metaphase, as described 
by MeU (1926). 

The testes were dissected out from the abdomen in a 2 per cent, urea* 
solution and fixed in strong Flemming to which urea was added. After 
thirty to sixty minutes’ fixation, the testes were transferred to i per cent, 
chromic acid for three to twelve hours. The stain used was Newton’s 
gentian violet; it was absorbed deeply by the chromosomes and the 
nucleolus, but only in a slight degree by what Metz (1926) calls the “pseudo- 
chromatin” materials. 

Division of the Spermatogonia. 

The chromosomes at prophase are somewhat indistinct and, owing to 
the shortness of the period between the onset of division and metaphase, 
their behaviour cannot be studied satisfactorily. They appear as more or 
less thick threads deeply stained with gentian violet They absorb the 
stain more rapidly than do the spermatocyte chromosomes, so that in 
many cases the spermatogonial cells can be easily identified by the strong 
staining property of their chromosomes. 

At metaphase the chromosomes are arranged in the equatorial plate, 
the homologous chromosomes lying side by side. The chromosomes in 
the spermatogonia of D. obscura are always arranged in one plane during 
metaphase, which appears not to be the case m any other Drosophila species. 
Plate I, figs. I, 2 and 3, show spermatogonial chromosomes at metaphase. 
Only fig. I illustrates the whole chromosome complex. The heteromorphic 
sex-chromosomes can be identified. The X-chromosome is V-shaped 
and has a median or nearly median attachment constriction, while the Y- 
chromosome is rod-shaped with a submedian attachment constriction, 
which sometimes divides the chromosome into a long and short limb as 
illustrated in fig. 3. Three out of the four autosomes are rod-shaped, 
all about the same length, and slightly shorter than the Y-chromosome. 
Frolowa and Astaurow (1929) illustrated the chromosomes in the Russian 
species of D, obscura, and in their figures the autosomes are somewhat 
V-shaped, Metz’s depiction (1916, 1926) of the complex of D. obscura 
resembles ours, showing rod-shaped autosomes. In a few spermatogonial 
metaphases (fig. 2) the different size of the autosomes is due to the different 
angles from which they are viewed. The fourth pair of autosomes is the 
smallest in the complex, its length being about or even less, of the other 
autosomes, so that in many cases they are not readily observed (figs. 2 and 
3). The spindle fibre attachment constriction of the autosomes is terminal 
or nearly so. 

At metaphase of the spermatogonial division the chromosomes show 
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a tendency to associate in homologous pairs. This association of the 
homologous chromosomes becomes more intimate at anaphase when the 
equationally divided chromosomes pass into opposite poles. Plate I, 
figs. 4, 5 and 6 , illustrate the anaphase of the spermatogonial division. 
Figs. 4 and 5 give the polar view, and fig. 6 the side view of the anaphase 
stage. This association of homologous chromosomes resembles meiotic 
pairing, and it is easy to mistake the anaphase configuration of the associ¬ 
ated spermatogonial chromosomes for the anaphase of the first spermato¬ 
cytes, as has been already pointed out by Metz (1926) and by Huettner 
(1930). In some cells the chromosomes in the polar view are represented 
as small, round bodies, lying side by side, and this arrangement is very 
similar to the secondary pairing at meiotic division described and dis¬ 
cussed by Lawrence (1931). 

Each member of the associated homologous chromosomes has a single 
structure; no sign of splitting could be observed at anaphase of the 
spermatogonial chromosomes. The double structure and the apparent 
"haploid" number arc due to the association of the homologous chromo¬ 
somes during their segregation to the opposite poles. The association of 
the homologous chromosomes during the spermatogonial division in 
several Drosophila species was observed by Stevens (1908), Metz (1916), 
Guyenot and Naville (1929), and Huettner (1930). In another species of 
Diptera, Nonidez (1921) followed in detail the whole process of anaphase 
association of spermatogonial chromosomes. Metz (1926), in his masterly 
paper on spermatogenesis of the Drosophilidse, even described cases where 
the association of homologous chromosomes begins as early as the prophase 
of the spermatogonial division. However, in the present study only the 
anaphase painng could be followed clearly. 

The association of homologous chromosomes in pairs is characteristic 
of the Diptera, but this phenomenon must not be confused with true 
chromosome pairing, a term which indicates intimate chromosome con¬ 
jugation, or synapsis, during the prophase of the first meiotic division. In 
some cases the association between homologous chromosomes results in 
complete fusion at the attachment constriction. This process takes place 
before the chromosomes of the whole complex fuse together to form the 
nucleus of the first spermatoc3rte. 

At the end of anaphase the chromosomes fuse together and give rise to 
a deeply stained chromatin mass, from which the ends of the chromosomes- 
sometimes still protrude (Plate I, figs. 7 and 8). Simultaneously, a wall 
develops round the nuclear material, and the daughter nuclei are formed. 
However, the space in the nucleus which is occupied by the chromosome 
complex is only about half that of the total volume, the rest being taken 
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jp by other nuclear material which has less staining capacity than the 
:hromo8omes. In a few cases cells were found in which this nuclear 
material had migrated from the nucleus, and was dispersed in the cyto¬ 
plasm, The true nature of this nuclear material was discussed, its be- 
[laviour followed with the aid of the Feuglen-rcaction and described in 
detail by Huettner (1930). 


Meiosis. 

The division of the first spermatocyte is preceded by the "growth 
period," the volume of the nucleus increasing rapidly. The nuclear 
membrane of the first spermatocyte nucleus during this period is somewhat 
thicker and coarser in structure than it was in the previous stage. In the 
nucleus qualitative and quantitative changes take place. At the beginning 
of the growth period, the nuclear mass disperses and is more or less evenly 
stained with gentian violet. Soon, however, a small part of this nuclear 
material condenses and forms a nucleolus or plasmosome, which breaks 
up into small, slightly stained bodies before the prophase of the meiotic 
division. Plate I, figs. 9 and 10, illustrate the growth period of the first 
spermatoc}rte. In the nucleus the nucleolus and the nuclear material can 
be seen. Plate I, fig. li, depicts an early spermatocyte nucleus with a 
nucleolus and small stained bodies which are derived from the nucleolus; 
Jeffrey and Hicks (1925) most probably mistook these fragments of 
the nucleolus for chromosomes. They survive the prophase of the first 
spermatocyte, sometimes even the meiotic anaphase, and can easily be 
interpreted as chromosomes, as was pointed out by League (1930).’ 

The rate of growth is very rapid, and the cells in successive layers 
differ greatly in size. Those spermatocytes which are in a more advanced 
stage show a nucleus, which is increased in volume, as well as other changes 
in the nuclear material. The small nuclear aggregates, which are derived 
from the break-up of the nuclei^us or plasmosome, are present in various 
numbers. Plate II, fig. i, illustrates a nucleus, showing the condensed 
nucleolus and four large and four small chromatin aggregates. The stain¬ 
ing capacity of the nucleolus is exaggerated in this figure to illustrate more 
clearly the smaller aggregates. They are sometimes seen to be connected 
by thin threads with each other and with the nucleolus. 

The break-up of the nuclear chromatin material into smaller aggregates 
is followed by their diffusion. The aggregates loosen, become thread-like, 
and stain less deeply than in the condensed stage. Huettner and Quyenot 
and Naville found that the spermatocytes at this stage, which is most 
probably the early prophase, contain fine single threads which were identi¬ 
fied as the leptotene chromosome threads. However, in our investigation, 
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as also that of Metz, single threads like the leptotene chromosomes were 
not found in the early prophase of the first spermatocyte division. This 
is most probably due to the different technique and material used by 
Huettner and Guyenot and Naville. 

The diffusion of the chromatin aggregates into threads is illustrated 
in Plate II, fig. 2. The threads have a double structure, showing a V'shape, 
and are associated at one end. This arrangement was the most common 
in the first spermatocyte. Fig. 2 does not show the supernumerary and 
"pseudo-nuclear” aggregates, but illustrates only the prophase chromo¬ 
somes as they develop from the chromatin material The chromosomes 
are thicker than the early prophase chromosomes in normal meiosis. 
Plate II, fig. 3, illustrates the same stage in the first spermatocyte. One 
chromosome pair shows close submedian association or pairing. Plate 
II, figs. 4, 5 and 6, show the nucleus of the first spermatocyte with paired 
chromosomes where the association is terminal, subterminal, or median. 

Plate II, figs. 7, 8 and 9, represent more advanced stages of prophase. 
The chromosomes remain in pairs, but condensation takes place and the 
loose granulated chromosomes become more deeply stained. In some 
first spermatocytes during this stage the X- and Y-chromosomes are seen 
to pair. The inequality of the members of the pair and the structure 
of the associated chromosomes, suggested that they are the sex-chromo¬ 
somes. In D. obscura a very characteristic feature in the prophase of 
the first meiotic division is the association of short segments only of 
the chromosomes. This association most probably represents a partial 
synapsis or conjugation of homologous portions of chromosomes. 

The condensation of the paired chromosome threads is rapidly pro¬ 
gressing and they decrease in length. In this stage—the diakinesis—the 
chromosomes can be followed very easily, as the staining capacity is much 
better, and they appear as deeply stained double elements. Plate II, 
figs. 11 and 12, illustrate the diakinesis stage in the first spermatocyte. The 
X- and Y-chromosomes can be identified in the complex. This stage is 
closely similar to the stage illustrated in Plate I, figs. 4 and 5, which 
represent the anaphase of the spermatogonial division. 

The prophasc stage, as described above, was in many cases obscured 
by the nucleolus and other chromatin material. The nucleolus usually 
breaks up into small round bodies or globules, which scatter throughout 
the nucleus. In D. obscura, however, these secondary phenomena, which 
are very common in other Drosophila species, such as melanogaster and 
virilis, do not extend to such a degree as to make the observation of the 
chromosomes impossible during prophase. 

Diakinesis is followed by metaphase. The chromosomes, which at 
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diakinesis lie side by side but scattered in the nucleus, are, during meta¬ 
phase, arranged in the equatorial plate. The members of each paired 
chromosome bivalent are separated, and are held together only by terminal 
or subterminal association. The nuclear membrane is still present at 
the beginning of metaphase, and only when the chromosomes are arranged 
in the equatorial plate does it gradually disappear and the nuclear spindle 
develop. The paired chromosomes remain in their loose association at 
the beginning of metaphase. Owing to the delayed development of the 
nuclear spindle, the bivalents of D. obscura differ from those characteristic 
of most meiotic metaphases. Plate III, fig i, illustrates the onset of meta¬ 
phase with the movement of the chromosomes to the equatorial plate, as 
seen in polar view. Figs. 2 and 3 illustrate metaphase stages in side 
view; the nuclear membrane is still present and the spindle has not de¬ 
veloped. A more advanced metaphase is seen in fig. 4. Most probably 
the partial synapsis proceeds in such a way as to leave only a very small 
part of the two homologous chromosomes remaining in association, but 
at different levels. When the spindle develops, the associated chromo¬ 
somes arc pulled apart from the point of attachment constriction to the 
point of association This stage is depicted in Plate III, fig 4, showing 
the bivalent chromosomes. The unequal sex-chromosomes, as are the 
homologous autosomes, are associated and paired. The synapsis is always 
restricted to one end of this chromosome pair, and docs not change during 
prophase. The association of X and Y at metaphaise remains terminal 
or nearly so. If pairing is determined by homology, then the associated 
segments of X and Y must be homologous. A similar conclusion was 
drawn by Metz from his cytological studies on other Drosophila species. 
Plate II, fig. 9, and Plate III, figs. l and 2, illustrate the partial conjuga¬ 
tion of sex-chromosomes. 

Anaphase is very short. The chromosomes separate reductionally to 
the opposite poles, and owing to the slight association, their separation is 
very rapid. The fibre of the nuclear spindle pulls them apart, and in 
side view this separation can be followed very clearly. Plate III, fig. 5, 
shows the anaphase separation in side view. The chromosomes move to 
the poles, but the rate of movement may be different for different chromo¬ 
somes. Some tendency to lag could be detected in anaphase, but this 
phenomenon may be explained by the unusual synapsis during the previous 
stages. The separating chromosomes sometimes exhibit a double struc¬ 
ture, which indicates that they most probably have split in the earlier 
prophase stages, but the exact time and place of the splitting could not 
be ascertained. Plate III, fig. 6, shows anaphase stage, some chromo¬ 
somes showing the double structure. 
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At the end of anaphase, when the chromosomes have arrived at the 
poles, they fuse together and form a small round nucleus. This formation 
of the nucleus represents the end of the first spermatocyte division, which 
gives rise to two secondary spermatocytes with a reduced chromosome 
number, and the separation of the cytoplasm into two cells usually pro¬ 
ceeds simultaneously, though sometimes the division of the nuclear material 
is not followed immediately by the division of the cytoplasm, Plate III, 
fig. 7, illustrates secondary spermatocytes with a comparatively small 
nucleus. 

The division of the secondary spermatocyte into two spermatids is 
preceded by a rapid increase in the volume of the nucleus. The length 
and bulk of the chromosomes are comparatively greater than are those of 
the chromosomes in the first spermatocyte. The individual chromosomes 
can be identified and two types of haploid chromosome groups—one with 
the V-shaped X, and the other with the rod-shaped Y—can be seen in 
many secondary spermatocytes during metaphase. Plate III, figs. 8 and 
9, illustrate metaphase plates of secondary spermatocytes. This stage 
is the one which was found most frequently m the testes of Z>. obscura. 
The chromosomes are arranged in the metaphase plate, mostly in one 
plane. Their double structure, which resulted from splitting, cannot be 
detected in the very short prophase, but in a few cases it was followed 
from the anaphase of the previous division. The segregation of the 
chromosomes at anaphase to the opposite poles shows that the rate of 
separation is sometimes different and causes some chromosomes to lag; 
most probably the sex-chromosomes remain behind the rod-shaped 
autosomes in the movement from the equatorial plate to the pole. Plate 
III, fig. 10, illustrates the anaphase of the secondary spermatocyte. 

The formation of spermatids and the development of sperm are similar 
to these processes already described in other Diptera. 

Discussion. 

The behaviour of the chromosomes during the maturation division in 
the male of Drosophila has been studied by Metz (1926), Guyenot and 
Naville (1929), and Huettner (1930). Their observations all substantiate 
the genetic evidence that there is no crossing-over in the male, but their 
interpretation of its cause differs. The present study of gametogenesis 
in D. obscura presents additional data, which have been reviewed in the 
light of recent observations of meiotic chromosome behaviour in plants 
and animals, and a more probable hypothesis of the cause of this 
suppression of crossing-over is offered. 

Two important hypotheses (Sax’s, 1930 and Belling’s, 1931, and 
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Darlington’s, 1931) deal with the relation between pairing of homologous 
chromosomes and crossing-over. Both of them are based on Janssens’ 
(1924) partial chiasmatype hypothesis, but they differ regarding the time 
relations of chiasma formation and crossing-over. 

If the homologous chromosomes do not pair during meiotic prophase, 
then crossing-over cannot take place. Furthermore, the pairing of 
homologous chromosomes is the basis for normal chromosome disjunction 
and segregation. Anderson (1929), studying non-disjunction in D. 
melanogaster, proved that the paired homologous chromosomes pass to 
the opposite poles more regularly than do chromosomes which failed to 
pair with their homologues. Similar results were obtained by Dobzhansky 
(1932/7), who studied the different translocations in D. melanogaster and 
demonstrated that pairing, crossing-over, and chromosome disjunction 
are closely interrelated. If there is complete chromosome disjunction 
which can be followed genetically, then one may infer that the pairing 
and post-diplotene association of homologous chromosomes must have 
occurred previously, and that these phenomena represent the cytological 
basis of the complete genetical segregation. The post-diplotene associa¬ 
tion of chromosomes, however, is dependent on chiasma formation, which 
in turn is related to crossing-over, as shown by Beadle (1932). Gowen 
(1928, 1931) demonstrated in D. melanogaster that absence of crossing- 
over in the female is associated with frequent non-disjunction of all chromo¬ 
somes, which shows that crossing-over and segregation are interrelated. 

In the male of the different Drosophila species there is normal distribu¬ 
tion of homologous chromosomes to the opposite poles at the anaphase 
of the first spermatocyte, which indicates that they must have been associ¬ 
ated in pairs during the meiotic division. This association must have 
survived even the post-diplotene stage, and the chromosomes are pulled 
apart by the spindle fibre after metaphase. 

The question arises, therefore, as to why genetical crossing-over does 
not take place during this meiotic pairing. The cause of complete sup¬ 
pression of crossing-over may be either genetical or cytological. 

The pairing of homologous chromosomes, and the formation and dis¬ 
tribution of chiasmata (genetical crossing-over) are controlled by factors 
located in the chromosomes themselves. This problem was discussed by 
Darlington (1932). Blakeslee (1928) in Datura stramonium, and Beadle 
(1930) in Zea Mays, described plants where there is much lack of pairing 
between homologous chromosomes during meiosis. These plants contain 
one recessive gene, which is responsible for the absence of crossing-over. 

The cytological observations of Mets on several Drosophila species, 
of Guyenot and Naville and Huettner on D. melanogaster, and our own 
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on the gametogenesis of D. oSseura, demonstrate the association and partial 
synapsis of the homologous chromosomes during prophase of the first 
spermatocyte division. Such chromosomes associated in pairs are seen 
in Plate II, figs. 2-10. These observations show that the complete dis¬ 
junction of the chromosomes in the male of Drosophila is preceded by 
pairing between homologous chromosomes, and it may therefore be con¬ 
cluded that there exists no factor which suppresses crossing-over through 
the failure of pairing. 

In D. melanogaster Gowen and Gowen (1922) found a recessive gene 
in the third chromosome, which, although not preventing the pairing of 
the homologous chromosomes, suppressed entirely the crossing-over in all 
chromosomes in the female. Eloff (1932) made a very extensive study of 
variation in crossing-over, and discussed the genetical basis of complete 
suppression. If, in the male of Drosophila, a genetic factor or factor 
complex, similar to the factor described by the Gowens, were present, 
responsible for the direct suppression of crossing-over, then it must be 
located in the Y-chromosome. Haldane’s (1922) law states that if cross¬ 
ing-over is reduced or entirely absent in one sex, that sex is always the 
heterogametic. Haldane’s law favours the assumption that m the male 
of Drosophila the Y-chromosome itself, or factors borne on the Y, may be 
responsible for complete suppression of crossing-over. 

However, several genetical observations made by different investigators, 
prove that suppression of crossing-over in the male of Drosophila is not 
correlated with the presence of the Y, and consequently cannot be due to 
a gene or gene complex located in the Y-chromosome. Anderson (1929), 
studying non-disjunction in D. melanogaster, demonstrated that crossing- 
over in the XXY female had just the same value as in XX flies. Stern 
(1929) obtained similar results in a study of a line of D melanogaster in 
which the Y had become attached to the X. 

The data obtained by genetical investigations indicate that there exists 
no special factor or factors present only in the male of Drosophila and 
borne on the Y-chromosome, which directly suppresses crossing-over 
without eliminating the pairing of homologous chromosomes. 

During the present study it was found that the chromosomes held 
together during prophase of the first meiotic division. The association 
of homologous chromosomes takes place always over a short section of 
their length. If the locus of association represents a chiasma or chiasmata, 
then we can apply this fact as a test for the two hypotheses concerned with 
crossing-over. 

Sax (1930) assumes that chiasmata arise by the chromatids opening out 
in different planes at diplotene and cross-overs occur by the breaking of 
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chiasmata, i.e. the crossing-over is conditioned by chiasma formation. If 
the short distance where the chromosomes associate are chiasmata which 
did not break, then the absence of crossing-over in the male of Drosophila 
would be easily explained. However, the change of the locus of associa¬ 
tion at the post-diplotene stages observed in the present study, as well as 
many other recent observations on the behaviour of chromosome pairing, 
chiasma formation and crossing-over in many plants and animals, repudiate 
the assumption that crossing-over arises only through the break of chiasma 
{cf. Sansome and Philp, 1932; Darlington, 1932^). 

On the second hypothesis, which was elaborated by Darlington, 
chiasma and post-diplotene association are conditioned by genetical 
crossing-over; if this is so, then the partial synapsis and association of 
homologous chromosomes at prophase of the first spermatocyte in Droso¬ 
phila must be the results of crossing-over. This crossing-over, however, 
cannot be detected in genetical observations. Darlington assumes that 
two reciprocal chiasmata are formed, and are localised near the attach¬ 
ment constriction, in a segment, which is genetically “inert” in that it does 
not contain any mutated genes. The existence of such an inert region 
has been demonstrated both genetically and cytologically in D melano- 
gasler, where this region lies in the X-chromosome beyond jorked, and its 
length has been calculated by translocation (Dobzhansky, 1932^) Metz 
and Huettner have observed that this region pairs with the Y, from which 
they conclude that the two are homologous. Darlington assumes that 
the pairing of chromosomes and the localisation of reciprocal chiasmata 
only at this genetically inert region are responsible for the absence of 
crossing-over in the male of Drosophila. 

Our observations on spermatogenesis of D. obscura show that the 
homologous chromosomes associate before the metaphase of the first 
meiotic division. The loci of this association are concentrated at the end 
of the chromosome at the beginning of the first spermatocyte division 
(see Plate II, figs. 2 and 3). Later, the loci of the partial synapsis alter, 
and chromosomes with subterminal, submedian, and median association 
are found (see Plate II, figs. 4-9). The change of the place of association 
proceeds towards the distal end of the chromosome, and it can be paralleled 
by the terminalisation of chiasmata in other organisms. Owing to the 
delayed development of the spindle, however, this movement is disturbed, 
and the interstitial chiasmata at metaphase are probably due to this 
absence of the nuclear spindle. 

Localisation of chiasmata at the neighbourhood of the attachment 
constriction was found in FrtHllaria Meleagris by Darlington (i 93 o)» 
and in Mecosthetns by McClung (1927). There is genetic evidence 



140 P. Ck. Kolkr and Thelma Totvnson, 

provided by Bridges (1929) that in aged females of Drosophila there is a 
reduction of crossing-over at one or both ends of the chromosome (i.«. 
in the X or autosomc respectively), and crossing-over is concentrated 
in the region of the spindle fibre attachment. Sansome and Philp dis¬ 
cussed the fact that reciprocal chiasmata (double crossing-over) are more 
frequent near the spindle fibre attachment than elsewhere. 

During the present study it was likewise found that the association of 
homologous chromosomes at the beginning of the prophase of the first 
spermatocyte division is concentrated at the end of the chromosomes. If 
the association of homologous chromosomes is conditioned by chiasmata, 
i.e. by exchanges between the partner chromatids, then our observations 
support Darlington’s view. The concentration of chiasmata at the 
attachment constriction is probably a necessary consequence of the 
association between homologous chromosomes in the previous spermato¬ 
gonia! anaphase. The homologous chromosomes are associated in pairs 
at that stage, and sometimes even fuse together at the end where the 
spindle fibre attachment is situated. When they reappear at the following 
prophase of the first spermatocyte division this terminal partial associa¬ 
tion can again be observed (see Plate II, figs, i, 2 and 3). Metz argues 
that the association of homologous chromosomes is so intimate that it 
even persists through the short resting stage. The homologous chromo¬ 
somes enter into the prophase of the first spermatocyte with their ends 
already associated; it is natural, therefore, that the synapsis of the homo¬ 
logous chromosome at the attachment constriction favours the formation 
of chiasmata The change of loci of chiasmata or association in later 
stages of prophase is the result of the gradual movement of the associated 
segments from the proximal to the distal ends. Finally, at the end of 
the metaphase of the first spermatocyte division (see Plate III, fig. 4), 
when the nuclear spindle develops, the homologues are arranged with 
their proximal ends pointing towards the opposite poles, but the distal 
ends are still in association. Such an arrangement can result only through 
pairing by chiasmata combined with terminalisation. 

It has been shown previously that normal pairing and normal chromo¬ 
some disjunction occur in the male of Drosophila. The present study 
offers cytological evidence to show that crossing-over—the second step 
in the mechanism of reduction division—also takes place, though it cannot 
be demonstrated genetically. 

Summary 

I. The chromosome complex in the male of D. obscura is described. 
The diploid complex contains 10 chromosomes. The X-chromosome is 
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V-shaped, the Y and the three pairs of autosomes are rod-shaped. The 
fourth pair of autosomes is very small. 

2. The homologous chromosomes associate in pairs during metaphase 
and anaphase of the spermatogonial division. The association at anaphase 
sometimes results in a fusion of the ends of homologous chromosomes, 
where the attachment constriction is situated. 

3. The homologous chromosomes enter into the prophase of the first 
meiotic division with their ends already associated. The loci of associa¬ 
tion gradually move towards the distal ends. 

4. The X- and Y-chromosomes associate at one of their ends; this 
association persists through the prophase of the first meiotic division. The 
conclusion is, therefore, that the two segments are homologous. 

5. In discussing the genetical and cytological basis of suppression of 
crossing-over we find that in the male of Drosophila the complete linkage 
is most probably due to unusual chromosome behaviour. 

6. Sax’s and Darlington’s hypotheses on crossing-over and chiasma 
formation are discussed. The cytological observations obtained during 
the present study, tend to support Darlington’s view that in the male of 
Drosophila there is localised chiasma formation at the attachment con¬ 
striction, but crossing-over cannot be detected genetically, the segment 
being "inert," that is, not containing any mutated genes. 
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P. Ch. Roller and Thelma Townson. [Plate I. 

Fios. I, 2, and 3 —Metaphaie of ipennatogoma. The bomologous chromosome* arranged in 

Fios^ and 5.—Anaphase of ipermatogonia. Polar view. The association, of chromosomes u 
more advanced 

Fio. 6 —Anaphase of spermatogomal division. Side view. 

Flos. 7 and 8.—Telophiue of spermatogoma. 

FlOS. 9 and 10.—Hie growth period of the first spermatocytes. 

Fio. II.—The growth period of the first spermatocyte with aggregates derived from the nucleus. 

The drawings were made with the aid of a Zeiss camera lucida, an H.I. 90, 1-30 
apochromate oil-immersion objective and X30 compensatmg eyepiece. The magnifica- 
tmn of the figures is about 450a 
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[Plate II. 


Fio. I.—^Eaiiy prophue of the first spermatocyte. 

FlOS. 3-10.—P^hase of the first spermato^es. The chromosomes associated with partial 
synapsis. 

Fios. II and is.—Diakinesis of the first spermatocytes. 
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P. Ch. Koller and Thelma Townson. [Plate III. 

FlO. t.—The oniet of meUphate in the fint ipcnnatocyte Polar view. 

Fios. 3 and 3 —Metaphase idatei Side view The nuclear spindle is not yet formed. 

Fio. 4.—Late metaphase with bivalents 
FlO. 5.—Anaphase of the first spermatocyte. 

Fio. 6.—^Anaphase Some chromosomes exhilnt double structure. 

Fio. 7.—Secondary spermatocytes 

Fio. 8.—MetaphaM of the secondary spermatocyte. The X-chiomosome is illustrated in the 
haploid complex. 

Fio. 9.—Metaphase plate with Y-chromosome. 

Fio. 10.—^Anaphase of the secondary spermatocyte. 




On the Pituitary in Lepidosiren and its Development. 147 


XI.—On the Pituitary in Lepidosiren and its Development. 
By T. Kerr, M.A., Assistant in the Zoology Department, Queen’s 
University of Belfast. Communicated by Professor J. GRAHAM 
Kerr, F.R.S. (With Five Text-figs.) 

(MS. received February 3, 1933. Read March 6, 1933.) 

The Dipnoi form an archaic group of Fish with so many unusual features 
that it is of importance to work out the development of all their organs 
in detail, and this investigation was therefore undertaken. The early 
stages were studied in the collection of slides in the Zoology Department 
of Glasgow University, and the adult organs were obtained from the 
material brought back from the Gran Chaco by Dr. G. S. Carter in 
1927. The work was done m Glasgow under Professor J. Graham 
Kerr, F.R.S., to whom I am deeply 
indebted. The larval stages arc num¬ 
bered according to his system in Kcibel’s 
Normentafeln, Heft x (3). 

The ectodermal rudiment of the 
pituitary is usually referred to as the 
“hypophysis,” but as this word was 
originally applied to the entire pituitary 
of the adult, and still frequently is, it 
seems worth while to use a quite new 
word, and “ectophysis” is suggested. 

At Stage 23 appears a wedge of 
cells, formed from the deep layer of 
the ectoderm, lying between the cement- 
organ and the brain rudiment (fig. i). 

By a late Stage 25 this wedge has become elongated and its tip is 
deeply buried in the embryonic connective tissue under the primitive 
fore-brain. This tip, which develops into the ectophysis proper, has 
separated off by Stage 27, and the wedge of ectoderm is represented 
merely by a broken chain of celk between the gut and the ventral brain- 
wall. At Stage 29 the ectophysis lies with one end below the infundibulum 
and the other below the thickening of the optic chiasma (fig. 2). A 
lumen has now made its appearance, and the cells have orientated them¬ 
selves round it in a semi-columnar manner with their nuclei towards the 
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periphery. In transverse section the cavity is oval, with its long axis 
dorsoventral. 

At Stage 30 the ectophysis is curved round the end of the developuig 
infundibulum, and by Stage 32 (fig. 3) it is m the position which it 



Fig 3.—Sagittal itection, Stage 29 Head end to the ngbt 
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Fig. 3 —Sagittal section, Stage 32 Head end to the left. 


occupies in the adult. The walls separating the cells of ectophysis and 
infundibulum break down and a proliferation commences among the cells 
of the distal side of the ectophysial cavity. By Stage 36 this distal part, 
which will form the anterior lobe in the adult, is noticeably enlarged. 

In the pituitary of a six-inch Lepidosiren, which was the only stage 
between larva and adult examined, the part proximal to the ectophysial 
cavity has enlarged and a slight ingrowth of nerve-fibres has commenced, 
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but no sinuses have formed; the anterior lobe has continued its enlarge* 
ment. 

In the adult the pituitary is a wedge-shaped organ attached to the 
tip of the infundibulum, with its narrow end directed backwards, sunk 



Fig 4 —Sagfittal section of the pituitary of the adult, head end to the right 


into a depression in the cranial floor As may be seen from a sagittal 
section, shown in fig. 4, its detailed anatomy is unlike that of the pituitary 
of any other class. The part most closely 
associated with the infundibulum, the so- 
called infundibular gland, corresponds to the 
nervous lobe of the other Vertebrates It 
consists of bundles of nerve-fibres with groups 
of cells and irregular sinuses embedded in 
them. The sinuses, which represent outgrowths 
from the infundibulum, do not contain blood, 
and communicate with each other and with the 
infundibular cavity. There is a good blood 
supply, as shown in fig. 5, from a few large 
blood-vessels with intercommunicating small 
ones running between the bundles of nerve- 
fibres. The intermediate lobe is represented 
by the layer, a few cells thick, between the nervous lobe and the 
gland cavity; it presumably makes use of the vessels on its border 



FlO. 5.—Diagram to show the 
relative vasculanty of the vari- 
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as a blood supply. The rest of the organ is anterior lobe; there is no 
tuberous lobe. The gland cavity is now flattened in shape and stretches 
about three-quarters of the way through the organ; its walls throughout 
are formed of closely-set cells, and it shows no connection with the exterior 
in these sections. 

The anterior lobe is composed of irregular masses of cells separated 
by thin sheets of connective tissue. There is a good blood supply. The 
special methods recommended by Bailey (i) and de Beer (2) for difTerential 
staining of the cell granules proved with this material inconsistent, 
possibly owing to its long fixation in formalin; however, after treatment 
with corrosive sublimate, Mallory’s connective tissue stain gave quite 
good differentiation The basophil cells tended to be arranged in groups, 
and they were quite frequently orientated about a common centre with 
their nuclei towards the periphery. The eosinophils were more scattered, 
and no definite indications of secretory activity were noticed. The cells 
of the intermediate lobe did not give any reaction. 

The early development of the ectophysis as a solid ingrowth recalls 
that of the Amphibians, Teleosts, and Cyclostomes. The resemblance to 
the first two ceases at an early stage when a cavity develops, and though 
the resemblance to the last persists longer, the final stages of development 
are quite unlike. The resemblance to Reptiles and Selachians is less 
than to the above, so that the comparative morphology of the gland 
is obscure. 
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Introduction. 

In a communication to this Society in 1916 Professor E T. Whittaker • 
gave an illuminating exposition of the use of matrices in dealing with 
continued fractions. In particular he discussed the problem of differen¬ 
tiating the following function of x \— 

the value of f{x) being obtained in the first instance from the leading 
element in the square of a certain reciprocal matrix {M(x)}~^ {cf formula 
(9)1 § 3 1 below) by a method which I have recapitulated at the opening of 
§ 4 The expression for f(x) was then given as the quotient of two 
determinants obtained in a simple and specific manner from the matrix 
M{x) itself. It was remarked that this treatment of continued fractions 
takes its rise in a work by Sylvester,^ who incidentally showed that 
the fraction /(x) could be expressed as the quotient of two determinants. 
It was clear that this quotient expressed the leading element in the 
reciprocal of the matrix Mix), and the question naturally arose, what were 
the values of the other elements of this reciprocal? An answer to this 
question will be found in § 3 below, which in turn leads to an expression 
for the derivative of the function /{x) as a series (5), § 4, whose general 
term is of the form 

<3 Ax) fix) -pAx))*laia^ . . . 

where PAx)lft(x) is the ith convergent to /(x). It is thought that this is 
a new type of infinite series such as has not yet received attention, but 
may well deserve closer scrutiny. I have merely given a preliminary 
condition, which is sufficient to ensure convergence and which may be 
satisfactorily applied to certain examples. 

Next another well-known type is considered, 

I OiX <Z|X 

I +T + I + ■ ■ ” 
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and an analogous result is reached, after which the difficulties inherent in 
more general representations of j{x) are indicated. 


§ I. Continuant Matrices. 


Ordinary continued fractions depend upon a matrix 

r^o .... 1 

\d, 6 ^ ft ... . 

. dt bt ft . 

. .. d„ b\\ 


(i) 


which may usefully be called a cmHnuant. It is evidently capable of 
resolution into three diagonal matrices, so that 


where 




^-diag ( 3 „ bt, 

C-diagi (<r„ . 

i>-diag_jK,</„ . 




( 3 ) 

( 3 ) 


Each of these four matrices consists of (n +1) rows and columns, where 
the elements are zeros except for those of the diagonals indicated, which 
are arbitrary. The suffixes ± r show that C and D are respectively the 
first over, and under, diagonal: and these matrices satisfy a product 
law, which is readily verified: 


C*=diag,(c,<r„ 

C*-diag,(ci<r,f„ 

and so on, while 

i?‘-=diag_,(fl'i</„ d^t> • • •> '^»-iO- 
Both C and D are essentially singular matrices, and such that 


C"+*«o, k>o. 

On the other hand, the principal diagonal B satisfies the relation 


.^-diag (V. Vi • • -I 

for all values of r. 

This resolution of a matrix into diagonals is of general application, 
where instead of three there would be (an +1) such diagonal components. 
Products of diagonal matrices are then formed according to the rule 

diagAi, *„ xt, ...) diag,(>-i, yt, yt, ...) 

“diagr-H(*iyr+i, ...), 

where r > o, J > o, and its analogues when r or r is negative. 
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§ 2 . Application to Continued Fractions. 

According to the general theory initiated by H. J. S. Smith* any 
non-singular matrix M, whether continuant or not, can be reduced to a 
simpler form Q by means of an identity 

J, , ^), . . (,) 

' 9e 9\ 9n-\' 

where 

Il“l C qi*o. 

Thus the determinants of M and Q are each equal to q„, which is assumed 
to oe non-zero. Reciprocally it follows that 


... (2) 

Among the many rational ways of performing such a reduction the 
following is of interest, because of its connexion with the theory of con¬ 
tinued fractions. The product on the left of (2) is taken to be 


I . 


9u • ■ • • 

1 

^ 1 . ... 


£1 

1 

1 

9o 


9o 

1 

di3o 



1 

• 9i 


9\ 

1 


(3) 


and when this is multiplied out it is identically equal to the original value 
of M, provided that the following recurrence relations hold:— 


?o“^o> 9r~‘K9t-\-f<dT9T-t> 3. (4) 

Manifestly the determinants of the first and third matrices (3) are equal 
to unity, so that all the requirements of the identity (i) are satisfied. It 
further follows that 

e-^-diag(i ^ ... (5) 

Vo 9\ 9t 9n ' 

and thereafter it is seen that, in (3), 

where I denotes the unit matrix. Reciprocally, 

+ + ... +(-)"(2>i) , 


(6) 
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where each term consists of a diagonal matrix, on or below the principal 
diagonal for H\ on or above for K. If for brevity sr< is written for 
then 


*1 I . 


-Xi 1 . 1 

. *,!.... 


*1*1 -*l * • • • 

. . .T, 1 ... 

..J 




where the diagonal matrices, given by the terms of (6), are explicitly 
indicated. Similarly for AT and its reciprocal. 

Starting with different initial conditions, let a further set of quantities 
pr satisfy the same recurrence relations as before: 


Also let 


Pf^itPt-x-c^drpr-t, r-3, 3, ... 




( 8 ) 

( 9 ) 


Then the Pi and serve to define the successive convergents of the con¬ 
tinued fraction 




_ £j <», ^ tx 

''•‘br qt 


(r-o, I, ..., «). 


As Sylvester ^ has shown, the continued fraction is intimately 
connected with the matrix M, being in fact the leading element in its 
reciprocal. This follows at once from (3), and its analogue with p sub¬ 
stituted throughout for q. In fact, by taking determinants of (2) and 
(3) we have 


and next, by putting Ci=o,b^ = i, relations (4) become (8) with p replacing 
q: and hence 

p„-\P\^\Jtfxx\, 


where /*=diag (p#, Pi/pn, PtIPx, ■ • •)» ^11 “ form of M. 

But if Ci=o, 3 b = I, then the determinant | Af | is precisely the cofactor of 
its leading element ntn. This proves the theorem of Sylvester, since now 



Hence the continued fraction is equal to the leading element in the 
reciprocal matrix But it is interesting to go further and to calculate 
all the elements of this matrix, which is possible to do by reciprocating 
the relation (2). 
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§ 3. The Reciprocal Matrix M-^. 

By § 2 (7) the product which gives the reciprocal of M in the form 

M-^.KQr^H .(i) 

can be exhibited explicitly: 


_£i £1^1 _^i£i^ 





fi fa 


9a 



I _£!?« £!£»£» 


£0 


I . ... 

fi 9a 


9i 


9o 



?1 


<kia J 

9a 


9a 


9\ 9i 

L.J 




-.J 


Further, let ba denote the element in the jth row and the yth column of 
this product, so that = B = Also let 

••• fu {*<)) 

-I. (»«/•) =1 . . . . (3) 

-o, (i>7) , di^ 

and 8«=o (*>y)i 8« = l, where each suffix 1 and j takes the values o, i, 
2, . . ., n. Then the above results may be epitomized by the relation 

. . ( 4 ) 

where, in each of the square brackets, the »/th clement of the matrix 
concerned is explicitly stated. Here it must be understood that q-x — \. 
By matrix multiplication we have 

iSo jSo f*-i yi si -1 

-(-Wir*'W--..<s) 

since Su=o, unless i==/. The scries here enclosed m brackets may be 
computed by means of the well-known expression 

which evidently satisfies the relations 

. . • «i«i. 

But ai=Cidi. Hence, by (3) and (5), we have for the leading element, 

1 , 0>y)i , iP9)t , 

""fo fift 


bt 
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9o ^9l 9 q' ^9n 9n-l' 9n 

so that j* fact the continued fraction, as Sylvester has shown, 
actual expression (5) gives 

■ . aifli ■ ■ • g. 


^86"“ + 




9a 9tffi 9i9t 


9n-l9n 


( 6 ) 

The 

( 7 ) 


Next let denote the residue when the first t terms of this last series 

are deleted, so that 

f.r ,/_A ^ (8) 

9i 9t9<+l 9n-l9n 

Then this is evidently the expression necessary for the computation of 
bii in general. The reciprocal matrix can now be stated:. 


• ■ 


( 9 ) 


where Oi^Ctdi, The entrance of each successive factor (/-/(), according 
to the gnomon pattern, is an interesting feature of the result. Indeed, the 
same feature may be seen in the suffix notation of the original matrix M, 
where the suffix may be said to define the gnomon in which the element 
stands. 

The general value of the r/th element of M-'^ is therefore given by 




fiCf . . . Cid^df . . df 




where r=max(* +1, y 4 i)- that is, r is the larger of (t + i) and (y + i). 


§ 4. Differentiation of a Continued Fraction. 

Let 

fix) __^ -it- _i-- U) 

be a rational function of x, constructed by adding x to eaijh element bi 
of the above continued fraction, so that /(o) would denote the original 
fraction. Then evidently /(x) is associated with a certain matrix, 

i/(x)-.ilf+/,.(a) 
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obtained by adding x to each principal diagonal element of the original 
My where aa before / is the unit matrix. Also, from the result of the last 
paragraph, 

... a 

If this is differentiated with regard to x, then the result may be written 
down by the rules of ordinary algebra, seeing that the constant matrices 
M and I commute. Thus 

-TO-r’. '.i • ■ ■ (4) 

that is, /'(«) is the leading element in the square of the reciprocal of 
M{x)y accompanied by change of sign. 

But the leading element of the square of the matrix in § 3 (9) is 
at once found by multiplying the *th element of the top row by the ith 
element of the first column and adding the results for each value of i. 
This gives the formula 

/'(*)--{/* + 5*^(/-/o)* + f^-/l)*+ . (/-/n-l)4, (S) 

t Oi OiOf ttiOt . . . ) 

where /, /<, now denote respectively the continued fraction, the ith 
convergent and the denominator of the ;th convergent when the vanable 
X has been inserted throughout. Thus 

This result once obtained can be proved anew by induction, by ex¬ 
tending the continued fraction to the left. For let 


C«+i 




i + x-a^(x) d+x-6^ + x- 


The formula is true for « = i, and will therefore follow for ^(x) (the case 
for n + i), if it is true for /(x) (the case for w). Now, assuming the result 
for /(x), we have 

+ . . ■), 

where 


/~/(x),etc. 


Furthermore, if ^i=PilQi, then evidently 
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Hence 

It follows that 


X 


ft 


'h+x-a^fr{t+x)ti-a^i 
ft, Qtn^(^+^)ft-a9/>f ■ 


Qn,xQ,.x Qi.x ■ 


Hence, by substitution, 


(8) 

( 9 ) 


which is the required result, so that the induction is complete. 

If all the elements and it arc real, then naturally f(^x) and /'(*) are 
real with x. If, further, all the at are positive, then /'(«)<o, as is evident 
from the actual senes. Hence the conttnued fraction f{x) ts a monotonie 
decreasing function of x, for all real values of the it, provided that all the 
at are positive. 

It can further be shown m this case (<»i>o) that the function /(*) 
possesses exactly («+1) distinct simple poles, let us say at the values 
x—K, Ai,. , A«, separating the curves =/(a:) into (w +2) distinct branches 

each running from y=-\-» to -oo. This is done by rendenng the 
matrix M symmetric. 

In fact, when a<>0, let Ct=di = ^fa„ so that the matrix is real and 
identical with M' its transposed, and 




ift ix ■ ... 

Cx bi c, ... 

. c, b, ... 


• M'. . 


(to) 


As is well known,* there always exists a real orthogonal matrix H (such 
that and so \H\¥‘o), which reduces Af to a pure diagonal form: 


H'MH. 



(It) 


where the A^ are the latent roots of M, being the zeros of the characteristic 
function 

|A/-^|=(A-A,).. .(A-AJ, 
all of which are real. Hence also 


H\M->fXl)H^ H'MH^ xl 

-diag(A,+a:, \+*, ..., A,+a:)-diag(A,+*). 
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But 

Hence, reciprocally, 
that is. 


H-^~H and 

Zr'(A/+*/)-i^-diag(^); 


Now the continued fraction /(x) has remained unchanged by taking 
ei=di, since Cfdi remains unaltered and equal to o, Hence it is given by 
the leading element in this last product matrix: and this element in turn 
depends only upon the first row 


[Afloj • • (12) 


of the real orthogonal matrix Jf, and upon the first column of its trans¬ 
posed If. Hence tie product yields the identity 


/(*) 


Ao+*^Ai+x^ 


J* 05 * 


(13) 


where the h^i and the are real constants^ provided that the at are positive 
and the bt are real. 

It IS also impossible for this scries of partial fractions to fall short of 
(« + l) terms. For since 


-A-if»=«i«i A 

it follows that the polynomials p^ and y, cannot contain a common factor 
involving x, else the product of non-zero constants would do so 

too Hence also the symmetrical determinant \ M -^xl \ and its leading 
principal minor have no common factor, since these are equal to and p^ 
respectively: that is, the characteristic function \\I- M \ has no repeated 
factor (4). But it has («+ i) real linear factors: and these must accord¬ 
ingly be all distinct, as in the expression (13) above. 


§ 5, Infinite Continued Fractions. 

In the case when «-+ « it is interesting to inquire whether the series 
for f(x) converges when the continued fraction itself converges. One 
form of the condition, as given by Pringsheim •, is that the inequality 

I A+*| > !«, I +i (i) 

should hold for all n greater than a certain value «q. Evidently f'{x) will 
converge if 
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converges. To examine this let the nth remainder of the continued 
fraction be introduced, namely, 


( 3 ) 


As Pringsheim has remarked, the convergence of f{x) does not necessarily 
depend upon that of If fln converges, then f{x) is said to be condi¬ 
tionally convergent; otherwise fix) is unconditionally convergent. 

It will here be shown that a sufficient condition for the absolute con¬ 
vergence of the series S«„ is that 

I 0, I / I I as «-*-oo. . . (4) 


The proof is straightforward and depends upon the value of u^+iju^ 
We have/,_i =pn-il9»-i, 

?n-l - "n-l?i«-l 

Hence 

. . . tfa-i 

so that 

**±1 ^n*an*(9n-t - 

But consecutive remainders, d„-i and are connected by the manifest 
relation 

a 


and when this is substituted in the above and the value of is given by 
means of its recurrence relation, the result is 


®ii+i 


This at once yields the condition for convergence as stated. 
Such senes exist, as, for example, when 


' a; + :r + 


-1, bi~o. 


The conditions for convergence are here 

(i) 1*1 - I ^11+* I > l«iil +*-*• 


(ii) 
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Both conditions are satisfied if x is real and greater than 2 . 


§6. Second Type of Continued Fraction. 

Very much the same method may be applied to another type of con¬ 
tinued fraction, which is sometimes met, 


and which again denotes a rational function of x. 

Curiously enough the most convenient method here is to employ an 
irrational matrix, 


.V- -^a^x 


. .\~I + AVx, 


but one which still possesses the characteristic propierty that the leading 
element in its reciprocal is equal to /Ji*)- Regarded as a function of x 
this possesses coefficient matrices /and A which commute: and hence the 
matrix N can be manipulated, for purposes of differentiation with regard 
to x, as if it were an ordinary scalar function. Thus 

L .. .1 -A JA'jx), ...-] 

L . . . J’ iVxif+AVx)* L . . . J' 

so that the value of /n(x) is given by the leading element in the matrix 


Now, by hypothesis, the matrix A consists of two equal diagonals (of 
opposite sign) obtained from 

i)-diag(-v/«i, •••! V*>n> V«ii+i) 

and such that 

A^DU-VD, 

where the auxiliary unit matrix,* translates D one place tj) the right, 
and U', the transposed matrix, translates D one place downwards. The 
leading element in AN-* is consequently equal to the difference of those 
in DUN-* and U'DN-*. But the latter matrix necessarily has a zero 
top row, owing to the fore-factor f/':and hence it contributes nothing 
to the leading clement. Also the leading element of D UN-* is y/a^ times 
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that of l/N-\ that is wAere 8 is the first element in the second row 

of N-*, owing to the fore-factor U. 

The element 8 can now be calculated from the matrix iV"* which is 
the same in form as ( 20 ), that for but with Ci = Vajx = -This 
gives 

whence 


Where 




r y,V-/r)* 

aflifl, . . . ■ 


/-/«W. /r-/rW. 


(39) 


A proof by induction is also possible. It will be seen that this series 
is of the same general character as that for the derivative of the original 
continued fraction, so that it admits of similar treatment when n tends to 
infinity. 


§ 7. Generalizations. 

It is natural to consider also the matrix 

A^^Bx^C, . . . ( 1 ) 

where A and B are each of the type M and arc independent of x. As 
before, the leading element of the reciprocal matrix C-^ is a continued 
fraction, whose derivative is given by the leading element of the matrix 

Except, however, in the case when A commutes with B, the work is very 
complicated, although a formal expression may be given as follows:— 

If B IS non-singular, then (since 

+ . . .), 

where | x 1 must exceed the modulus of each latent root of the product 
matrix AB-'^. In this case the series may be differentiated, term by 
term, so that 

•-B'^iJx-^AB^r^^-lA-^BxY'^BlA-^BxY'^. . (a) 
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This proof of the formula fails if B is singular, in which case if A is non¬ 
singular the result may be given by 

+ . (3) 

or equally well by 

-(A + Bxy^A(A+Bxy^BA-^ ... (4) 

both of which follow from the identity 

(A +Bxy^-(/+A ^Bxy^A-K 

Once more, if both A and B are singular, the problem retains significance 
provided that d itself is non-singular. If then C is non-singular at a 
value Xi of x, it may be written 

C’*{A'^Bx^ + B{x~x^^Ai+B{x-x-^, \ A^ | ■i^o. 

Hence, as lieforc, 

^~-(A-i-Bxy^A^(A + Bx)^BA,-^ . . . (5) 

§ 8 . Historical Note. 

Several generalizations of continued fractions have from time to time 
been suggested by Jacobi,* Perron, Maunsell, Paley, Ursell, and Milne- 
Thomson. It may be shown without difficulty that these generaliza¬ 
tions are connected with continuant matrices which are analogous to 
the continuant M, but of more complicated structure. The whole theory 
may be unified, as above, by a rational reduction to a diagonal matrix, 
as suggested by Smith’s theorem. 
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XIII.— The Formation of Rock Joints and the Cleat of Coal. 
By Emeritus Professor P. F. Kendall, D.Sc., F.R S., and 
Professor Henry Briggs, D.Sc., Ph.D. (With a Plate.) 

(MS received March i8, 1913 Read May 15, 1933) 

PART I. 

General Characteristics of the Problem. 

The occurrence m coal seams of planes of division, generally approxi¬ 
mately at right angles to the stratification, has been known for centuries. 
Owing to the important part these planes play in the lay-out of workings, 
miners have found it necessary carefully to pay heed to their direction 
and character. They long ago observed, for example, that, in the majority 
of seams, there are main divisions or “cleats” and secondary divisions 
or “cross-cleats,” and that these systems intersect at an angle of generally 
80 to 90 degrees It was also seen that cleats are always best developed 
in the bright parts of bituminous coal, and that they are less distinct, 
more widely spaced, or even non-apparent in durain and in cannel. When 
the dull and bright parts are finely laminated, however, the cleat planes 
pass through the mass without interruption Sparry inclusions (ankerites) 
are very common in the cleats of bright coal and equally rare in dull coal; 
occasionally the inclusions extend a little way into the roof, and then the 
existence of associated cleat in the roof is particularly easy to detect. 

A more specialised study of cleat has made clear a number of features 
of which the most important is the general uniformity in its direction 
over wide areas, and the general agreement in the polarity of the cleat 
in seams that may be separated by great thicknesses of rock. 

Another remarkable attribute of cleat is its consistence and ubiquity: 
no band of bright coal, however thin, and no lenticle, however small, has 
been too insignificant to escape We have seen well-formed cleat in films 
of coal about one-five-hundredth of an inch in thickness; in coal-lenses 
a hand’s breadth across occurring in Scottish oilshale (Lower Carboni¬ 
ferous); in the thin, coaly exteriors of fossil trees lying prostrate at all 
angles, and in coal pebbles embedded in conglomerates. These pebbles, 
tom off during the erosion of their parent beds and redeposited in the 
midst of other detritus, have been recorded in strata of widely varying 
ages in many districts of Great Britain and other countries.* Some are 
* X Stainier, Ann. Soc Seient. Bruxelles, vol. 1, 1930, B, p. 34. 
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a few inches in diameter, while others are mere flakes or pellets; but all 
exhibit cleating. Moreover, when the beds in which they lie are situated 
among coal seams, the direction of cleat in the pebbles is found to agree 
with that of the seams. Evidently the cleat was induced in the pebbles 
subsequent to their deposition in the conglomerates 

Though uncleated coals exist, cleating is a normal structure in coals 
of all ages, including the most recent. In the Isle of Wight lignite with 
a deflnite cleat lies among soft, Lower Eocene clays and sands. A lignite 
at Craig-a-hulyer, Ireland, exhibits both cleat and cross-cleat, the former 
coursing about N. 21® W.* Another Tertiary lignite exposed at Shome 
Wood, Kent, also has cleat and counter-cleat, the mean direction of the 
main divisions being N. 24® W. A lignite in the Rift depression at Toro, 
Uganda, is late Tertiary; again, double cleating has been developed, 
the principal direction being N. 87® W. magnetic (1928) Such evidence 
points to the formation of cleat at no long period after the bed was 
deposited and at a relatively early stage of coaliflcation. 

In the majority, the roofs of coal seams have been jointed in the same 
direction as the cleat of the coal, though m all coalfields roof-joints are 
to be found that lie at other angles with the meridian, and occasionally 
the divergence is marked.f Sometimes, however, the agreement is 
absolute, and the cleat-planes of the coal can be traced upwards without 
a break or bend into the roof, and it is then impossible to allow of any 
explanation other than that of simultaneous division. Simultaneous 
cleating of the coal and one or more of the superjacent strata predicates 
that the coal remained uncleated at least as long as was required for the 
companion beds to be laid down and consolidated. On the other hand, 
when the lines are disparate the probability is that the roof received its 
divisions later than those of the coal, since it seems likely that the forces 
that were effective in that regard had changed their direction of action. 
It should not, however, be overlooked that the same system of forces 
may cause shearing in different directions owing to a difference in the 
strength properties of the rocks concerned. 

The foct that the Isle of Wight lignite has obtained a cleat before 
the associated deposits are consolidated provides a reason for the non¬ 
simultaneity of cleating that must be of wide validity. 

These considerations of the simultaneity or otherwise of the cleating 
of a coal seam and the adjacent beds, and of the agreement or otherwise 
of the directions, do not affect the important conclusion that cleat is a form 
of jointing—a conclusion that has been accepted by qualified observers 
* All bearings are to the true mendian, unless otherwise stated, 
t P. F. Kendall, “On Cleat in Coal Seams," Gtol. Mag., February 1914, p. 49. 
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for many years. The common features of conjugate directions of break, 
the regularity of the divisions, their uniformity of direction, and the fact 
that, despite numerous exceptions, the orientation of the cleat in coal 
and of the joints in other rocks is in general agreement, arg^e strongly 
for joints and cleat being identical in character and in origin. The 
difference between the jointing of rocks and the cleat of coal is one of 
dimension: joints in sandstone or limestone arc usually separated by 
distances of a few feet or a few yards (though we have seen them only 
a few inches apart) while the cleat planes of coal are near together, half 
a dozen occasionally lying within the space of an inch. 

Beginning as an investigation of cleat, we have found it advisable to 
extend the inquiry into the larger problem of jointing, realising that, in a 
subject that offers many difficulties and inconsistencies, the wider survey 
is the more likely to provide the truer perspective. 

The foregoing observations indicate that joint and cleat formation 
is a progressive operation: a bed, or a senes consisting of a few beds, is 
laid down on strata already jointed; joints are induced in it, and it is 
succeeded by other beds which in turn acquire jointing. It is therefore 
evident that the forces causing jointing were continuing forces The 
further fact that recent coals are also cleated makes it clear that those 
influences were not special to any particular period, but that they have 
persisted through geological time and are therefore to be looked for among 
those incident on the earth's crust at the present day. 

Polarity of Cleat and Jointing —^An early observation on the regularity 
of cleat IS that of E. Mammatt; • writing in 1834 of the Leicestershire 
coalfield, he stated: 

“The extraordinary uniformity in the direction of the slynes [cleats] 
and of the partings of the rocky strata [joints] seems to have been deter¬ 
mined by the operation of some law not yet understood. . . . Wherever 
these slynes appear, their direction is 23° W. of N. by the compass, what¬ 
ever way the stratum may incline ” Allowing for the magnetic declina¬ 
tion of the time and place, the direction given is equivalent to N. 47^“ W 
from the true meridian. 

A few years later Milne,t describing the Lothians coalfield, remarked 
that the cleat was independent of the direction of dip of the strata. “I 
have observed at a great number of places,” he continues, “the directions 
of the backs or lengthways joints, and also of the cutters or end-joints. 
The former appear to me to run everywhere in this distritt in a direction 
between N. and W. by compass. The cutters, of course, therefore run 

* "Geological Facts to Elucidate the Ashby de la Zouch Coalfield,” 1834. 
t Coal Fields of the Lothians, Edin., 1839, p. 16. 
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between E. and N.” Milne tabulated forty bearings of joints and cross* 
Joints, and most of these values have been incorporated on the map, 
fig. 2, 

In 1849 E. Hopkins* recorded the general parallelism of joints in 
the primary rocks from the Straits of Magellan to the Caribbean Coast. 
He claimed that, in the isthmus of Panama and in Mexico and North 
America, whatever the contortions of the rocks, “the planes pass on 
without much deviation, running in lines in a direction a few degrees 
east of magnetic north," and added that similar phenomena were to be 
found in Australia, Asia, and Europe. There were many local aberrancies, 
he remarked, but the general course was well maintained So far as we 
know, this was the first time the parallelism had been recognised as being 
of far more than local or even than regional significance. 

Though remarkably little on the subject is to be found in the literature 
of the last fifty years, jointing attracted the attention of some of the older 
school of British geologists, notably Sedgwick, de la Beche, J. Phillips, 
Jukes, King, and Prestwich Phillips referred to cleat in coal as main¬ 
taining an approximately uniform direction, in spite of fractures or changes 
of dip, over the whole of a great Carboniferous region, and observed that 
much the same north-westerly trend applied to the coalfields of Northumber¬ 
land, Durham, Yorkshire, Lancashire, and Derbyshire.f As early as 
1836 this astute observer published an account of cleat in Yorkshire, and 
by means of a dial-diagram proved two directions to predominate, these 
lying at right angles t Two years later Jukes, inquiring of cleat in the 
Nottinghamshire coalfield, was informed by a collier that it “faced two 
o'clock sun, like as it docs all over the world, as ever I hcered on " § 
If broadside to the sun at 2 p.m. the course of the planes would be about 
N. 60® W.; and the statement is evidence that the uniformity of bearing 
was recognised by miners at that time. 

We shall have occasion, in Part II of this paper, to refer to the conclu¬ 
sions advanced in 1879 the French geologist A. Daubr^e in regard 
to the mechanics of jointing. || The most important contribution on the 
theory of the subject of the nineteenth century, Daubrde’s treatment 
will always deserve the closest study. Taking the river systems of France 
as his example, he demonstrated the connection between rock-jointing and 
physical geography; he insisted on the constancy of polarity of jointing, 

* “On the Structure of Crystalline Rocks,” Mining Almanack, 1849. 

t Bnt. Amen. Report, 1856, p. 369. 

t Illustrations of Yorkshire, vol. ii, 1836. 

S J. B. Jukes, Student's Manual of Geology, 2nd ed., 1862, p. 207. 

II jktudi Synthitiques de Gtologte Exptnmentale, Paris, 1879, p. 303 
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both over large areas and through great thicknesses of rocks of different 
kinds; and he had much of interest to say in regard to the influence 
of faults on jointing. 

The dial-diagram introduced by Phillips has been used by us on pre¬ 
vious occasions for depicting the bearings of cleat in certain of the English 
coalfields.* 

Thanks to the cordial co-operation of many friends and correspondents 
in many parts of the world, we are now able to report on a larger number 
of observations on cleat and jointing than has been possible hitherto. 
Though most of the values relate to British coalfields, a by no means in¬ 
significant proportion of the 2000 bearings wc have collected come from 
abroad. Some of these, and particularly those from the United States, 
have been extracted from geological and other memoirs and reports, but 
for the majority we are indebted to a great many mine agents, managers, 
and surveyors. Nearly all the data furnished by these observers refer 
to the main cleat of coal; but latterly the inquiry has been extended to 
include other rocks and to gain information on the subsidiary planes 
of jointing. 

The dial-diagram is no longer suitable to illustrate with sufficient 
definition the distribution of these large numbers of values, and we have 
adopted another and clearer system in fig, i. That chart is a frequency 
diagram setting forth the percentage distribution of the geographical 
bearings of the principal planes of cleat and jointing. It indicates 
separately, and for every two degrees of arc from N. 90® W to N. 90° E., 
the relative frequency of occurrence of bearings for certain British coal¬ 
fields and for that of West Virginia. It was constructed from 1150 
values, though many of them are actually the means of several—and 
sometimes of several dozen—readings in the same mine or quarry. 

The chart brings out clearly the great preponderance of directions 
lying between north and west. In some coalfields—West Virginia and 
Yorkshire, for example—the polarity of the great majority of the planes 
IS between relatively close limits; in others, such as Scotland, the distri¬ 
bution is wider; but even there the bulk of the readings occur within 
that same quadrant. 

When a main cleat is recorded in the north-east quadrant it is fre¬ 
quently found to be a cross-cleat that has become locally accentuated: 
on moving away from that area it is seen to resume its secondary character. 

Judging from the Geological Memoir,f the cleat in the Arkansas 

* P. F. Kendall, loc. cit ; Kendall and Wroot, Geology of YorMtJure, 1924; H. Briggs, 
Colliery Engineering, January 1932. 

+ A. J. Collier, “ The Arkansas Coal Field,” U S. Geol. Svrv. Mem., 1907, p. 48. 
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coalfield is more regular than that for any of the regions whose names 
appear on fig. i, it being stated to point to “ ii o’clock sun” (S. 15® E. 
or N. 15° W.), with only insignificant variation. The mam cleat of the 
Indiana field also appears to exhibit a marked uniformity of direction; 
according to G. H. Ashley • it runs N. 28® to 30® W., and is unaffected 
by irregularities of the beds. 



Fio. I, —Bvanngi of Main Cleat and Mam Jointe |>ercentage frequency at two-degree interval!. 


Professors R. W. Dron f and E. S. Moore J published in 1925 papers 
expressing doubt as to the validity of the rule attributing to cleat a general 
north-westerly trend. Among the data they collected, in Scotland and 
North America respectively, they found many exceptions, but in the 
light of more exhaustive inquiry, it seems impossible to retain any such 
agnostic attitude. The chart, indeed, furnishes for Scotland an answer 
that probably applies to North America also, namely, that even where 
* 2yd Ann. Rtp. Dept, of Geol. and Nat. Resources, Indiana, p. 35. 
t “Notes on Cleat in the Scottish Coalfields," Trans. Inst. Min. Engs., vol. Ixx, 
p. 115. 

t Coal Age, vol. xxvii, p 576. 
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the exceptions arc numerous, a sufficiently extensive survey upholds the 
rule. In general, the cleat at any given place runs in virtually the same 
direction in all the seams; yet, as Dron and Moore again observed, there 
are exceptions. A difference of 65° exists, for instance, between the cleat 
of the Wilsontown Main Coal and that of the overlying Woodmuir Main 
Coal at the Wilsontown Colliery, Lanarkshire. Many similar examples 
could be cited; yet the occasional wide discrepancy must not be allowed 
to mask the fact that, through great thicknesses of rock, the agreement 
in direction is often remarkably close, and that, for every exception to 
the rule, quite a dozen cases of conformity with it could be brought 
forward. 

The following facts of observation may, then, be regarded as fully 
established:— 

(l) In every part of the world "all rocks, stratified or unstratified, 
igneous, aqueous, and metamorphic are traversed by numerous planes 
of division." * (2) In general, the joints adhere to a quadrangular 
arrangement. Sometimes there are three systems, but generally two; 
and, of these two, one is the master-joint or mam cleat and the other the 
cross-joint or cross-cleat. (3) The prevailing directions are approximately 
north-west and approximately north-east (4) In most Carboniferous 
districts areas can be found in which the master-joints run north-east, and 
occasionally, as in Nova Scotia, that direction is dominant for the mam 
cleat over a large region; but, when all the available information is 
examined, it becomes decisively clear that there is one principal orienta¬ 
tion—namely, north-west. Even with igneous rocks the trend of the 
chief joints is commonly west of north. 

Mtd and East Lothtan Coalfield —The ready assistance we have 
received from the colliery agents and managers, and from Messrs G. D. 
Dott and R. M'Adam, has made it possible for us to study jointing and 
cleat in the Mid and East Lothian coalfield more intensively than circum¬ 
stances have so far permitted elsewhere. The particulars are set forth 
on the map, fig 2 Mr Dott worked assiduously on the limestones in 
the south and east of the area, and the results that arc shown for those 
rocks are mean values derived from several hundreds of his measurements 

Several features combine to make the coalfield of unusual interest. 
The occurrence of a large number of workable seams both above and 
below the Millstone Grit, the great range of dip (0° to 83° in the beds 
examined); the rapid changes in dip and frequent changes in strike; 
the numerous faults; the proximity on the western side of the great, 
reversed Pentland fault, and the existence of many quarries, together 
* Jukes, op. at , p. 207. 
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make the field especially suitable for the elucidation of the problems 
under review. 



The map demonstrates in the first place that, on the whole, cleating 
and jointing has little or no connection with the dip. Secondly, it reveals 
the tendency, especially among the limestones, to develop triple jointing, 
a tendency that appears to be increased in the neighbourhood of faults. 







172 P’ P‘ Kendall and Henry Briggs, 

Thirdly, it shows that the most persistent and, generally, the most pro¬ 
minent divisions • are those coursing approximately W.N.W., no matter 
what may be the character of the rock or its geological position. Fourthly, 
it throws light on the effect on the jointing of the Pentland and other 
faults, or, more strictly, of the forces that caused the faults. 

Jotnitng and Faults —The jointing of beds may be influenced by 
faults in any one of four ways: 

(1) The first and probably the commonest efiect is for the joints to 
be slewed round near the fault. Usually they become more parallel 
with it, though occasionally they are twisted in the opposite sense. The 
swing may be as much as 30“. The prevalence of east-and-west faults 
throughout the Scottish coalfields provides, indeed, an explanation for the 
many bearings in that region lying at a large angle from the meridian 
The slewing is most pronounced when the fault courses at about 45® to 
the normal direction of jointing. 

Not infrequently the beds close to a fault are tilted steeply, and, as we 
shall see (p. 181), high inclination is itself a cause of joints becoming more 
parallel with the strike; but wc do not know of any. instance in which 
the slewing may entirely be attributed to this purely geometrical effect. 

An excellent example of the swinging of joints near faults is furnished 
by the Great Scar Limestone near the Craven faults, Yorkshire,! 

(2) In other cases, the forces that produced the fault have accentuated 
one or other of the normal planes of jointing that happened to be parallel 
with the fault. This effect may be studied with advantage m coals and 
sandstones over a wide strip parallel with the Pentland fault (fig. 2). The 
course of the fault agrees closely with that of the normal cross-jointing, 
and in the scams of Niddrie and Loanhead, as well as in the Gnt along 
the North Esk, the cross-cleats and cross-joints have in consequence 
become the most prominent divisions. The absence of that effect at 
Roslin and Gilmerton appears to be due to the proximity of other faults 
roughly parallel with the ordinary north-westerly trend. 

(3) When neither of the two normal directions conforms with that of 
the fault a third plane of division may be induced parallel with the fault. 
The rock then becomes triple jointed. Well-developed triple cleating is 
occasionally seen in coal, but, so far as our experience goes, the pheno¬ 
menon is more usual, or more easily discerned, in limestone. An excellent 
example is the Burdiehouse limestone at Burdiehouse mine (fig. 2); there 
are three joints, and the master-joint is parallel with the Pentland fault. 

♦ The order of importance of the planes is indicated on the map by the numerals 
I, 3, and 3. 

+ L R. Wager, QJ.G S, vol. ixxxvii, 1931, p. 392. 
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Naturally enough, joints of this character arc more frequent near 
the larger faults; they were recognised as a separate class by Goodchtld,* 
who named them "fault joints.” 

(4) Lastly, faults may traverse strata without any observable effect on 
the joints. Here again the Burdiehouse mine provides an interesting 
example. The workings are bounded on their northern side by the 
Sheriifhall fault (fig. 2)—a normal fault having a maximum throw of 
about 500 feet The actual contact with the fault is to be seen at three 
or four places in the mine at the present time. The joints of the limestone 
extend to that contact without alteration either in spacing or in direction 
Large though the dislocation has been, there is no sign of movement in 
the joint planes nor have the cheeks of the joints been opened apart. 

Cleat in the Southern Hemisphere —In contrast with the large number 
of readings available from Carboniferous regions north of the equator, 
our information concerning cleat in the southern hemisphere is scanty. 
In all we have only 23 bearings, and of these 14 he in the north-west 
and 9 in the north-east quadrants. The values of greatest "weight,” 
namely, those relating to the Natal coalfields f and to the district of Wit- 
bank, Transvaal, { definitely assign north-westerly bearings to the main 
cleat of these regions; yet it is clearly inadvisable to generalise on such 
slight evidence. 

PART II. 

The Dynamics of Rock-jointing, with especial Reference 
TO THE Cleat of Coal. 

Theories of Joint Formation .—^The mechanical origin of joints is so 
generally admitted, and so clear from the evidence, that it is unnecessary 
to do more than make a brief mention of the other theories that have been 
advanced from time to time. One of the earliest was that joints arc the 
result of shrinkage, and, in regard to cleat, that explanation is still current 
in some quarters. The meandering course of shrinkage cracks, forming, 
say, in mud, is altogether different from the incisive, straight, and definitely 
oriented line of cleat So far as coal is concerned, the only observations 
supporting that theory are the occurrence of ankerite in the cleats of 
bright coal, and the existence of open cleats as shown by X-ray examina- 
tion.§ When those open cleats arc traced to a thick bank of durain the 
Geol. Mag., vol. x, 1883, p. 397. 

+ Data collected by Mr F. S Steart. 

J Data collected by Mr A. C. Graham. 

§ Bnggs and Kemp, Trans. Inst. Mm. Engs., vol. Ixxvii, 1929, p. 5; Colliery 
Engineering, January 1932, p. 15. 
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gap disappears. The durain may be cleated, though usually at less 
frequent intervals; but the cheeks of the joints in dull coal are closer 
together and seldom hold sparry inclusions. If a layer of cannel is sand¬ 
wiched between bands of bright coal the difference is still more marked: 
the cleats extend up to or down to the cannel and there abruptly stop 
Yet the cannel, though apparently uncleated, reveals on trial a propensity 
to break in the same direction as the well-formed cleats of the neigh¬ 
bouring bright layers. It is therefore clear that the spar-filled and gaping 
cleats of clarain and vitrain arc merely a consequence of differential 
shrinkage, and that the shrinkage took place after the cleats were 
formed. 

King,* while accepting the mechanical origin of slaty-cleavage, 
rejected it for jointing. He saw in the latter the effects of an agency 
akin to that producing cleavage in minerals; he also suspected a connec¬ 
tion between the chief suite of joints and the magnetic meridian on the 
ground that the range of the meridian (about 23j° on each side of geo¬ 
graphical north) was about the same as that of the joints whose directions 
he had measured. Other writers, both before and after his time, have 
also attempted to couple jointing and the earth’s magnetism. Un¬ 
fortunately for that theory, the more extensive data now available assign 
a bearing more nearly north-west than north for the mean direction of 
the principal series. The same observer, alluding to Fox’s experiments 
on clays, in which divisions were produced by passing an electrical current 
through them, hazarded the guess that east-and-west earth currents may 
be found responsible for rock-jointing. 

Prestwich, likewise influenced by the occasional similarity of the angles 
between joints and those between the cleavage planes of such minerals 
as calcite and felspar, was also of opinion that jointing was directed by 
a "condition of crystallization” in both igneous and sedimentary rocks.f 
Yet the joints (cleats) of coal, a non-crystalline substance, are better 
developed than, probably, in any other material. Again, in a table 
(p. 276) compiled by him from various sources, the directions of the 
main joints in granites lie in the north-west quarter in twelve out of the 
thirteen instances recorded—a degree of coincidence impossible to recon¬ 
cile with the crystalline cleavage theory. 

The same objection has equal force against W. O. Crosby’s hypothesis 
that joints are due to seismic tremors. So sporadic and capricious an 
agency cannot have been responsible for divisions oriented, as these are, 
preponderatingly in one quarter. 

* Trans. Roy. Irish Aead., vol. xxv, 1875, p. 605. 

+ Otology, vol, i, 1886, p. 283. 
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James Geikie, though recognising mechanical stress as the chief agent, 
favoured the view that solar heat may have been a contributory cause 
of jointing.* The expansion of a surface bed exposed to the sun’s rays 
during the day could, he observed, make the bed buckle upwards and 
even separate from the layer beneath No doubt in some strata and some 
climates the action he indicated is able to produce irregular horizontal 
divisions near the surface; but that it could be the means of inducing 
conjugate systems of joints extending vertically from top to bottom of 
beds hundreds of feet thick may safely be disallowed. 

The most elementary and least satisfactory of the mechanical theories 
is that attributing joints to tensile stress. Dating back to Phillips (1856), 
the view is held to-day by some American writers. So strong, indeed, 
18 the emphasis laid in some quarters on the eifect of tension (whether 
pure tensile stress or tensKin as a component of shear) that even the 
definition of a joint may be made to uphold the theory For example, 
in his recent book Dr C. M. Nevin -f defines a joint as a type of fracture 
along which there has been little if any movement, and in which "both 
the relief and major movement have been at right angles to the surface 
of fracture and not along or parallel with it.” Such a definition implies 
that the cheeks of the fracture opened apart when the rock broke; it 
postulates an open crack as the normal condition of jointing, and it 
precludes shear as that term is understood by engineers. 

We do not deny the existence of cracks due to tension, but they are 
the exception and not the rule; they are, indeed, of so special and un¬ 
important a type that, m any general discussion of jointing, they may 
be left out of account We also allow that open joints are often to be 
seen at or near outcrops, where they have been under the influence of 
frost, of dilatation due to relief of load, and, in limestone, of solution ; 
but an underground inspection is sufficient to establish the fact that, in 
the great majority of instances, the sides of joints are tight together. 
Even in folded ground, where gaping as a consequence of bending would 
not have been unexpected, the joints generally reveal themselves to be 
close structures. The smooth, regular and occasionally slickensided 
surfaces of joints are in themselves a sufficient refutation of the tension 
hypothesis. Again, in conglomerates—often well jointed—the divisions 
do not wriggle their way in between the pebbles as tension fractures 
would do, but pass indifferently through both hard pebbles and softer 
matrix in sharp, undeflected lines.} 

* Structural and Field Geology, 1908, p. 153. 
t Principles of Structural Geology, New York, 1931, p. 133 
} See also J. B. Jukes, op. at., p 310. 
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The field evidence, regarded from both the geologist’s and the engineer’s 
standpoint, is in entire support of Daubr^e’s conclusion that true jointing 
is the effect of shear. The slight movement associated with jointing has 
been for the most part in the plane of the joint; not normal to it. 

We have now to consider the nature of the stresses that caused the 
beds to shear in this special manner 

The problem is essentially one calling for the broadest view It cannot 
be stated, let alone decided, from the polarity of the cleats and joints in 
a single district. Local anomalies are numerous; they present interesting 
and perhaps important issues; but to emphasise them unduly, as is occa¬ 
sionally done, is to render a just perspective impossible. The exceptions 
in this region or that cannot disturb the general conclusion, brought out 
in Part I of this paper, that, for the northern hemisphere at any rate, the 
dominant direction of the cleats in coal and the joints in other sedimentary 
rocks is north-westerly. 

We are, then, concerned with a phenomenon of super-continental 
range. The effect under consideration is, we believe, unique in geological 
experience in its regularity over so large a geographical extent and over 
so enormous a period of time. 

Character of the Stresses producing Jointing —Exceptis exetptendts, 
true joints in sedimentary rocks possess the following characteristics:— 

1. They never occur singly, but always as an extensive senes of parallel 
divisions that maintain regularity of form and direction over wide areas 

2. They habitually occur in two conjugate sets crossing each other 
at a large angle. (A third set may appear, though less often in coal than 
in other rocks.) 

3. Generally they are at right angles to the bedding planes. 

4. Their surfaces are close together, smooth and sometimes slicken- 
sided. 

5. They differ from faults in not disturbing the continuity of the beds. 

6. They differ from cleavage in being actual instead of merely latent 
planes of division (There is, nevertheless, a close relationship between 
jointing and fracture-cleavage. For example, in a compound seam of 
coal, jointing (cleating) may have been produced in the bright bands 
and a coarse fracture-cleavage in a layer of cannel.) 

Many workers in the field of dynamical geology, from Daubr^e • 

* See, eg, Daubr^, iludes SyntMtique de Gioiogte Expirtmentale, Pans, 1879; 
E M. Anderson, “The Dynamics of Faulting,” Trans. Edin. Gtol Soc , vol. viii, 1905, 
p. 38; C. K. Leith, Structural Geology, New York, 1913: Bnggs and Morrow, “The 
Rationale of Faulting and Subsidence," Trans. Inst. Min. Engs., vol, Ixxiii, 1927, 
p. 465; C. M. Nevin, op. ett 
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onwards, have studied the mechanism of faulting. It is well agreed that 
faults are shear fractures, and that every description of fault—normal, 
reversed, and transcurrent—is capable of being caused by non-rotational 
stress systems differently arranged. The common occurrence of inclined 
striae on fault surfaces suggests the action of torsional stress, and no 
doubt torsion plays a part in faulting; no doubt, also, there are subsidiary 
features still to be elucidated; yet the central fact stands clear that all 
the chief features of faulting have been satisfactorily accounted for with¬ 
out invoking the action of any other than non-rotational stresses. 

On the other hand, the numerous attempts to explain jointing by the 
same process, and by reference to the same stress systems, have failed. 
None of them is able to account for the two prime characteristics of joints • 
their great number, and their absence of throw. The fact has usually 
been overlooked that a non-rotational system, represented in the ordinary 
way by three ''principal stresses” operating in directions mutually at 
right angles, cannot attain equilibrium by shearing without a permanent 
displacement of the shorn parts—in other words, without creating a fault. 
Moreover, these stresses can, and often do, obtain relief at a single shear 
fracture; thus a fault is often a solitary structure; but a solitary joint 
is unknown. 

Though both are the consequence of shear, the differences between 
joint and fault are of so essential a nature that we must perforce abandon 
the non-rotational type of stress as the cause of the former and examine 
the only alternative—rotational stress or torsion. 

Daubr^e {pp, eit., p. 307) was the first to gpve expression to the torsional 
theory of joint formation, and his famous experiment with sheets of glass 
has often been repeated by ourselves and others.* So important is that 
experiment in its bearing on our problem that we deem it advisable to 
attempt an analysis of the stresses imparted to the glass, and to inquire 
into the changes in the manner of fracture when those stresses are modified 
in various ways. 

The following facts are apparent when a pane is broken by simple 
torsion imposed by applying a twist to the shorter edges of the rectangle 
(PI. fig. 3);— 

1. The fractures are numerous, the whole surface being intersected 
by them. 

2. The breaks are in two sets, crossing each other at angles of from 
70® to 90®. 

3. The breaks make an angle of 45® or thereabouts with the longer 
edges. 

* E.g., Versey, Proe. Yorks. Geol. See., N.S., vol. xxi, p. 203. 

P.S.S.B.— VOL. Liii, I93*-33. past II. la 
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4. There are mam or master fractures (which may be of either series), 
extending from one edge of the pane to the other, and shorter subsidiary 
fractures that often extend only from one main break to the next. 

5. The relative movement between two sides of a break is at right 
angles to the surface of the glass, or principally in that direction, and 
that movement is small. 

6. The cracks commence at the boundaries of the plate and extend 
inwards. 

7. When the thickness of the plate is small compared with its area. 



the cracks are approximately normal to the 
surface, though considerable local varia¬ 
tions from that rule are to be observed 

8. The system of cracks bears a strong 
resemblance to rock-jointing, and especially 
to the cleat of coal. 

An analysis of the state of strain of the 
glass sheet sufficiently complete for the 
present purpose may now be presented. 
Fig. 4 represents the pane resisting the 
tractions, P, impressed in the sense of the 
arrows at each corner. If the sheet be 
made of india-rubber, and a small circle 
be drawn on it having 0 at centre, the 
warping of the prism under the torsional 
stress will be found to cause the circle to 
be transformed into an ellipse; the major 
and minor axes of the ellipse will be seen 
to coincide respectively with AB and CD 
—two lines crossing at 90° and each mak¬ 
ing an angle of 45° with the edges.* So 
far as the surface turned towards the 


observer is concerned, then, a maximum tensile stress is operative in 


the direction of A B and a maximum compressive stress in the direction 
of CD.f If the other side be examined m like manner, CiDi will be seen 


to be a line of maximum tension and AiBi of maximum compression 


* G. F. Becker, Traru. Amer Inst Mm. Engs , vol. xxiv, 1895, p. 136. 
t Nevin, an advocate of the tension theory of joint formation, surgues {of nt., p. 143) 
that the sheet ought to crack along CD, t.e. at right angles to the direction of maximum 
tension. Clearly, he omitted to look at the other side of the panel The glass, which 
persists in breaking in both directions, should itself have been sufficient to demonstrate 
the defectiveness of both the argument and the theory it seeks to uphold. 
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It follows that, in these conjugate directions, the material is subject to 
maximum shear strain. Bearing in mind that, when they occur, the 
fractures start at the edges and that the movement is approximately in 
the direction of such short lines as BB^ or it is evident that the 

stress along the edges of the sheet is the decisive agent. Now the shearing 
force at the edges is everywhere the same round the rectangle and is of 
the magnitude P\z. When the thickness is small compared with the 
other dimensions, it is therefore reasonable to conclude that the glass 
shatters when the shearing force at the edge becomes too great for the 
material to sustain, and that the shear-planes develop inwards along lines 
of maximum strain. 

Treble Jointing ,—The occasional appearance of three sets of cleats 
in coal has been remarked on in this paper and elsewhere, and is not so 
uncommon as we had once supposed.* The existence of three sets of 
high-angled joints in limestone has also been noted by many observers, 
and several examples are indicated on the map of the Mid and East 
Lothian coalfield (fig. 2). A well-known instance is that of the Miocene 
gypsum beds of Chaumont, Montmartre, described by Jukes f as having 
well-defined and equidistant vertical joints spaced 120® apart. A specimen 
of coal casually picked out of the scuttle as this was being written possesses 
two cleats at right angles and a third crossing the others at 45®, all have 
spar and pyrites between their faces; all are well developed, but the third 
is the clearest. It is unlikely that the third break in coal or rock was 
formed later than the others, since a bed already divided by planes 
60® or 90® apart would, we suggest, be incompetent to withstand a new 
onslaught of stress: it would gain relief by yielding along the existing 
joints instead of fracturing afresh 

But if the three systems were formed simultaneously, as seems prob¬ 
able, some additional factor not so far taken into account must have 
been present at the time. An extension of Daubrde’s experiment, in 
which the glass rectangle (Pi. fig. 5) is loaded with a simple transverse 
shear stress as well as with torsion applied at the ends, indicates one 
method of producing a triple cleat. As the photograph shows, the three 
joints are developed in the neighbourhood of the additional shear. 

Cleat Anomalies in Basins .—That a basin-like character in a coalfield 
is connected with variations in the polarity of cleating is recognised by 
some mining engineers. Referring to the Radstock district of Somerset, 
one of our correspondents writes: “The coalfield was more or less basin¬ 
shaped, and therefore the bearing of the cleat varied throughout the aiea.” 

* Briggs, Colliery Engtneering, January 1932, p 11. 

t Manual of Geology, and ed., 186a, p. 214. 
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Another attributed the irregularity of the cleat at Lassodie Colliery, 
Dunfermline, Fife, to the "several basin-shaped portions” in which the 
seams occur. 

Wide deviations from the normal course seem to be limited to smaller 
basins. In large ones, such as the Durham coalfield, the cleat preserves 
a remarkably regular bearing 

Two tentative and alternative explanations of the aberrancies in small 
basins occur to us: either the coal was laid down in a depression of the land 
surface, when the strains producing cleating would probably be modified, and 
the cleat distorted, by the local irregularity in the strata; or the beds were 
being fiexed at the time the cleat developed, and the bending moment 
thus imparted to the beds was able to change the course of the cleat 

Some support for the latter suggestion is obtained from tests carried 
out on glass plates broken by a combination of twisting and bending. 
The effect of a simple bending moment is illustrated by PI. fig. 6. The 
lower end of the pane was clamped and the other forced upwards until 
fracturing ensued. The widely spaced breaks parallel to the shorter 
sides bear no resemblance to cleat. In fig. 7 the ends of the pane were 
gripped and a combined twist and bending force impressed across the 
middle as the arrows on the key-diagram indicate. A marked change 
in the resulting manner of fracture is evident, the cleating being both 
simpler and less regular, and the breaks lying at greater angles to the 
long sides of the rectangle In a bed, the bending force would produce 
folding, and if that force were operative when the cleat was induced the 
experiment indicates the likelihood of the cleats being swung round so 
as to make a smaller angle with the axis of the fold. 

Cleat and Dtp .—The warping of the cleats in consequence of folding 
lends a measure of support to the statement, frequent in the literature, 
to the effect that the cleat of coal and the strike of the seams usually coincide. 
As a matter of fact, there are many instances in which a rough agreement 
is apparent; but the exceptions are too numerous and important to make 
it possible to trace any general rule to that effect. The cleat in Yorkshire 
and Derbyshire maintains its north-westerly course despite the fact that 
the measures have an easterly strike near Leeds and Sheffield, and a 
northerly strike near Huddersfield and Chesterfield. Again, in North¬ 
umberland and Durham the cleat persists in virtually the same course 
although the general strike of the strata is north-north-east. Dron 
{loc. ctt.) could discover no connection between strike and cleat in Scot¬ 
land, while a century ago Mammatt (Joe. cit.) commented on the uniformity 
in bearing of the "slynes” (cleats) of the Leicestershire coalfield “what¬ 
ever way the stratum may incline.” 
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When the line of cleat is undeflected by folding we may conclude 
with reasonable probability that jointing preceded folding On the other 
hand, where strike and cleat coincide, we lean towards the opinion that 
the fore'es producing the folding were active when the cleat was created. 

It cannot, however, be overlooked that when a bed is bent up at a 
high angle the polarity of any pre-existing jointing is altered. The 
influence is purely a geometrical one and may be left out of account in 
all but the steepest measures. Great inclination has the effect of deflecting 
the cleat towards the strike. The deflection is zero when the cleat runs 
normal to the folding, and again when it was originally parallel with it; 
It attains a maximum when the directions of cleat and strike meet at 
about 4S“. For example, if a seam was cleated at N. 45“ W. when it lay 
honzontal, and was then bent up or down at 45° along an east-and-west 
axis, the cleats are swung 10“ and are given a bearing of N. 55“ W. 

Anomalies near Faults —^Therc are numerous examples of divergence 
from the prevailing direction of the cleat or jointing in the neighbourhood 
of faults Attention has already been drawn (p 172) to instances in Mid 
and East Lothian. 

Not infrequently, the beds are tilted in the vicinity of a fault, and, as 
we have seen, high inclination is itself a cause of joints being slewed 
round into a direction more nearly parallel with the strike. Some of the 
deflections may be accounted for in this way, but only a few of the observed 
anomalies near faults can be so explained. 

Discussing the bearing of the problem on the jointing of the Great 
Scar Limestone of Craven, L. R. Wager • suggests that the angular 
swing of the joints near the Craven faults was due to either (1) a lateral 
or transcurrent movement of the sides of the faults after the joints had 
been formed, or (2) the pre-cxistence of the faults, or of lines of weakness 
in the earth’s crust, which effected a modification of the direction of the 
joints in their neighbourhood. 

Let us consider the second hypothesis first. Now our interpretation 
of the whole process of jointing differs from Wager’s. Wager, who does 
not subscribe to the torsional theory of joint formation, regards joints as 
shear planes produced by forces acting parallel to the bed. We believe 
that joints are caused by torsional stress, and therefore that the shearing 
force acts approximately perpendicular to the plane of the bed If our 
reading of the evidence is corretrt, some indication that a pre-existing 
fault or zone of weakness could deflect the joints would have been apparent 
from the experiments with glass sheets. The longer edges ma> be 
regarded as representing pre-existing faults; they are free lines beyond 
* Q.J.G.S., vol. Ixxxvii, 1931, p. 392. 
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which the sheet has no support; and, if the hypothesis “holds water,” 
the cracks near them ought to curve round and run more nearly parallel 
with them. A glance at the photographs (PI. figs. 3 to 7) is sufficient 
to show that nothing of that kind takes place. 

As he offers it. Wager’s second hypothesis appears, then, to fail; but, 
we may now ask, is it possible to restate it with regard to a stress system 
active in the same zone at the period of jointing instead of to pre-existing 
faulting or weakness? The existence of the fault proves that, at some 
time or other, the strata near it were under shear stress. That stress, 
as the parent of the fault, must have developed before it. Can it, then, 
be true that, where joints are deflected near a fault, the stress subsequently 
producing the fault was in action at the moment of jointing? The 
experiments with panes of glass that have already assisted in elucidating 
other ambiguities may, one would think, help in suggesting an answer 
to this problem also. 

We have made many trials in which, m addition to torsion, shear forces 
up to 60 lb were applied cither normal to or parallel with the sheet of 
glass, and the majority of the results did not furnish any indication that 
complex stresses of these kinds give rise to the effect in question. Thus 
we fail to discover any evidence w'orthy of the name in support of the 
second hypothesis of Wager, whether that hypothesis be as propounded 
by him or stated in this modified form m which a co-existing stress system 
is substituted for the pre-existing fault or line of weakness. 

His first suggestion to the effect that the change in polanty of the 
joints near a fault may be due to lateral movement subsequent to faulting 
takes advantage, as it has every right to do, of the transcurrent or tearing 
movements that are recognised as a reg^ular concomitant of normal 
faulting. It has, however, one grave objection in predicating the side¬ 
long movement as occurring after faulting, since in so doing it requires 
the bed to behave first as a brittle medium to the stress causing faulting 
and then as a plastic medium under a continuation of the same stress- 
brittle when the fault occurred, and plastic during the subsequent twisting 
round of the joints.* 

* It appears from Wager’s map (Joe ett) that on the north side of the North Craven 
fault, the joints are rotated parallel with the fault near Ingleborough and at nght angles 
to It near Grassington The circumstances preclude large lateral movements in opposite 
directions on the same side of the fault, and at first sight the observation appears to 
give the death-blow to the theory of transcurrent shift. We have, however, to bear in 
mind, first, that the limestone possesses two sets of joints at 90°, and, second, that the 
subsidiary set may locally assume the rdle of the “master” senes. It seems not 
unlikely then that, at Grassington, the jomts dejHcted by Wager are “end” joints 
abnormally developed. 
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An explanation of the phenomenon more in keeping with the known be¬ 
haviour of rock-masses under stress is that the joints were formed first; that 
horizontal stress then developed; that the bed sought relief from the stress by 
horizontal fiow in the zone of maximum strain—a flow having as one of its 
effects the re-orientation of the joints in that zone—and that eventually faults 
with (initially) large transcurrent components occurred in the same zone. 

Plasticity and Jointing .—^The phenomenon of plastic flow, to which 
reference has just been made, is to be observed m any rock subjected 
to a stress-difference for a sufficient length of time Quite a small in¬ 
equality m the stresses is enough to cause a rock to flow if it be persistent.* 
One of the indications of plastic deformation in any stressed material is 
the formation of strain figures, bands of flow, or Luders’ lines, and these, 
with their conjugate systems crossing at right angles, bear a superficial 
resemblance to cleat. In so far as they both occur in the direction of 
maximum shear, Liidcrs’ lines and cleats or joints are related effects. 
The similarity, however, ceases there The sharp, incisive fractures of 
jointing are just as much indicative of a brittle condition in the bed as 
Liiders’ lines are of the plastic state No rock can undergo plastic 
deformation and at the same time develop jointing On the contrary, a 
considerable degree of flowage is apt to eradicate any jointing or cleavage 
that the rock may possess. As I^ith succinctly states: "If a rock with 
fracture-cleavage comes into the zone of rock-flowage the structure is 
obliterated.” f The effect is well brought out by contrasting the highly 
developed cleat of most seams of bituminous coal which, in general, show 
few signs of flowage, with the relative absence J of cleat in anthracite 
where such signs are abundant. As the means of distorting jointing or 
of destroying it, plastic flow has, then, a definite and sometimes an 
important influence; but it plays no part in the formation of the particular 
species of division with which we are here concerned. 

Alternating Stress .—We have now to ascertain how it comes about 
that coal, a material especially given to flowage under appropriate con¬ 
ditions, has been able to behave as a brittle substance at the time the 
cleats were created. Now the known effects of a direct |j stress-difference 
on a rock-mass may be summarised as follows:— 

* See Nkdai's PUtshaty (McGraw-Hill Co., 1931), the latest and most authonutive 
treatise on the mechanics of matter m the plastic state. 

t C. K. Leith, Structural Geology, New York, 1913, p. 63. 

t Few anthracites possess a true cleat; but occasionally in South Wales, and more 
frequently in Pennsylvania, anthracite seams are to be found that still retain the cleat 
of the lower-rank coals from which they were derived. 

I The words “direct” or “continuous” are used as in electncal terminology lit con¬ 
tradistinction to “alternating.” 
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1. A stress-difference of sufficient magnitude suddenly applied causes 
faulting by shear. 

2. A stress-difference of small magnitude persistently applied causes 
ilowage. 

3. A continuous • and persistent stress-difference, especially if of in¬ 
creasing intensity, may cause flowage first and faulting afterwards. 

Whether the stresses are rotational or non-rotational is, for the moment, 
immaterial. The point to observe is that none of these effects bears any 
resemblance to jointing. The fact emerges that no combination of direct 
stresses is capable of providing an explanation of that mode of fracture. 
Thus we are compelled to break new ground by considering the possibility 
of alternating stress as the active instrument. 

The conception of the beds being under the influence of alternating 
stress eradicates one grave difficulty of the theory of direct stress—namely, 
that connected with plastic flow. Any substance—notably any rock— 
may exhibit plasticity to direct stress; but if it fail under a rapidly alter¬ 
nating stress it breaks in the manner of a brittle material. Experience 
with metals indicates, indeed, that a persistent reciprocating loading 
induces brittleness The hypothesis offers a satisfactory explanation of 
the sharply cut character of the cleats of that relatively plastic material, 
coal. 

If now one add to that hypothesis the conclusion already reached, 
to the effect that torsional stress is the most likely type to induce the special 
arrangement of joints in rocks—in other words, if we examine the effect 
of an alternating torsional stress —still another difficulty, namely, that 
of explaining the unfaulted character of the typical joint, also disappears. 
A direct or continuous torsion of the kind applied to the glass plate of 
fig. 3 would, at the moment of fracture, leave the bed in a warped con¬ 
dition, and the joints—especially the main joints—would become so 
many minute faults; a continuance of the twisting motion would increase 
the warping and amplify the faulting at the joints. Now joints exhibiting 
a small throw, though by no means unknown, are exceptional. To 
restore the original flatness of the broken glass plate and remove the 
displacement at the cracks, the pane has to be bent back again. Direct 
torsion, then, fails to satisfy the observed conditions; but alternating 
torsional stress does so, in that the initial movements are cancelled out 
by the reverse phase and the bed is returned to its original undislocatcd 
form. Moreover, an alternating movement is the only kind that can 
slickenside a face of break without producing throw. 

* The words " direct" or “ continuous " are used as in electrical terminology in con¬ 
tradistinction to " alternating.” 
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We have been induced to accept the theory of alternating torsional 
stress as the cause of jointing, because it, and it alone, is able to account 
for all the six characteristics of jointing set forth on p. 176. 

Failure through Fatigue .—When a material fractures under a rapidly 
alternating and persistent stress, it fails owing to fatigue. Stress^ in 
this manner, even malleable media, such as the metals, break by shearing, 
though the magnitude of the stress be greatly below that required to 
cause failure by direct (non-alternating) load. Brittle substances, like 
rocks or concrete, are still less competent to withstand a persisting alter¬ 
nating load. Given, then, that the period of action is long enough, a 
rock will break under a stress that would he insignificant if direct, but 
which induces fatigue and eventual failure if alternating. 

In explaining jointing, previous workers have dealt only with direct 
loading, and have been obliged to call to their assistance forces large 
enough to fracture the beds under that manner of loading. The doctrine 
of alternating stress relieves us from the necessity of invoking large 
forces: the effect we are seeking to elucidate can be the consequence 
of small stresses, providing they are persevering, of high frequency, and 
of uniform orientation. As Ncvin* states: “The effect on geologic 
structures of long-time stresses of small magnitude cannot be over¬ 
exaggerated, and deformation because of so-called fatigue is a most 
frequent form of failure.” 

Tidal Action as the Fundamental Cause .—The conclusions so far 
reached—partly from observation and partly by a process of elimination 
of those explanations of the phenomena of jointing that are unable to 
satisfy the conditions of the problem—may be summarised thus: 

1. Joints in a bed are formed not long after the bed is deposited 

2 . The forces that cause jointing have acted without intermission 
throughout geological history. 

3. The regularity in direction of jointing makes it certain that the 
forces act with an equally regular orientation. 

4. The species of stress most capable of producing joints is torsional 
stress. 

5. Direct (non-altemating) stress of any kind is incapable of giving 
rise to a typical jointing system. Alternating stress alone satisfies the 
facts. 

6. An alternating stress of small intensity (providing it is of short 
frequency and lengthy duration) is effective inasmuch as it results in 
failure of the rock-mass by fatigue. 

The fifth of these conditions makes it necessary to rule out such 
* Op. at., p. 7. 
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considerations as continental drift or the secular slowing down of the earth's 
rotation consequent on tidal friction. 

In 1922 one of us * suggested that the origin of the cleat of coal was 
to be sought in tidal action. The analysis of the dynamics of rock¬ 
jointing attempted in this paper supports that view. So far as we are 
aware, no other hypothesis is capable of satisfactorily explaining even a 
small proportion of the data. 

The fact that the combined gravitational pull of the moon and sun 
produces an elastic response of sensible magnitude in the earth’s crust is 
well known, and the movements have been measured and analysed by 
Schweydar.f Michelson and Gale.J and others. From W. D. Lambert’s 
recent review § of the state of knowledge as to earth-tides, it appears 
that the earth responds with but a brief lag to the tidal impulses; that 
the amplitude of movement of the earth’s surface caused by the lunar 
semi-diurnal tide (the principal influence) is about 8 inches at the equator, 
and that the oscillation is considerably increased near seaboards by the 
shifting of weight of the water-mass under the same influences. The 
secondary effect due to the water, he states, is such that at Pasadena, 
California, the actual value of one component of the earth-tide is two 
and a half times the theoretical value, and at a place in Korea about four 
times. As a covering of water of varying depth is a necessary condition 
for the deposition of a stratifled series, the ampliflcation of the earth-tide 
to which a bed or rock would in this way be subject seems to be a matter 
of importance 

The sweep of the earth-nde in an east to west direction round the earth 
sets up a torsional wave of stress in the crust. Though small in magnitude, 
the stress is repeated endlessly with—in its major component—a semi¬ 
diurnal penod. The force has thus the alternating character required 
to induce fatigue in a layer of rock. Operating approximately parallel 
with the equator, its sense is that inducing maximum shear stress in the 
north-westerly and north-easterly directions—the two chief directions of 
jointing. 

Tidal movement is a maximum at the equator and diminishes towards 
the poles. The torsional stress developed in a stratum of given area by 
the waive-like impulse of the earth-tide depends, however, not on the extent 
of vertical movement, but on the rate of change of the movement. As 

* P. F Kendall, “ Physiography of the Coal Swamps,” Presidential'Address, Geology 
Section, Brtt. Assoc. Report, 1922, p 71. 

f Zentralbureau der International Erdmessung, Berlin, No. 38, 1921. 

t Geol., vol. xxvii, 1919, p. 585. 

I BtUL Nat. Research Council, Washington, No. 78, 1931, p. 68. 



The Formation of Rock Joints and the Cleat of Coal. 187 

a first approximation, the movement may be regarded as proportional 
to the cosine of the latitude; the rate of change with latitude is accordingly 
proportional to the sine of the latitude, it is a minimum at the equator 
and a maximum at the poles. This corollary provides an explanation 
for the fact that, in general, cleat is more definite and more regular in its 
course in British and North American coal seams than it is, say, in those 
of India, 

In the light of these arguments, we suggest the process of jointing to 
be as follows: A bed or series of beds is laid down on strata that are 
already jointed. At first soft enough or incoherent enough easily to adjust 
itself to the tidal wave without breaking, it is sooner or later covered up 
and gradually becomes consolidated by pressure, loss of moisture, inflow 
of cementing material, and, with coal, by chemical changes. Losing its 
initial plasticity and gaining brittleness, it then finds itself called upon 
to flex as a continuous elastic sheet under the alternating tidal torque. 
Eventually it fails through fatigue along the planes of maximum sh'car, 
and the joints thus come into existence. 


{Issued separately June 28, 1933.) 
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XIV.— Studies In Genetic Psychology: The Intellectual Re¬ 
semblance of Collateral Relatives. By J. L. Gray, M.A., 
and Pearl Moshinsky, B.Sc. (Fro"’ the Department of Social 
Biology, University of London.) Communicated by Professor 
Lancelot Hogben, M.A., D.Sc. 

(M.S received March i8, 1933 Read May 15, 1933) 

I. Introduction. 

The introduction of standardised methods for describing that character¬ 
istic of social behaviour denoted by the word intelligent is of comparatively 
recent date. Therefore it is not feasible to undertake a study of the 
intellectual resemblance of relatives along the ancestral line. In two 
classes of collateral relatives, however, such resemblance can be made the 
subject of inquiry. These are (a) members of the same fraternity— 
twins or ordinary sibs—and (b) first cousins. This investigation, which 
was prompted by a previous inquiry into the intellectual resemblance 
of twins carried out m the Department of Social Biology, is confined to a 
study of ordinary sibs and first cousins. Though resemblance between 
both sibs and first cousins has already been investigated, there are in each 
case special reasons which justify further inquiry. 

(a) Sibs .—The resemblance between ordinary brothers and sisters is 
of pre-eminent importance because, with the exceptions of Thorndike 
(1905) and Herrman and Hogben (1933), no previous investigators who 
have studied the response of twins to intelligence tests have recorded a 
control group of ordinary sibs tested under similar conditions at the same 
time. From the standpoint of genetic psychology a comparison between 
fraternal twins and ordinary sibs is not less significant than a comparison 
between fraternal and identical twins. For, with a possible exception 
to be noted below, there is no difference between the genotypic correlations 
for fraternal twins and for sibs conceived at different times. If the 
variance of ordinary brothers and sisters is significantly greater than that 
of fraternal twins, in other words, if the correlation for sibs is lower than 
that for fraternal twins, we have some presumptive evidence for the 
influence of environmental differences associated with birth-rank in 
determining differences in the Intelligence Quotient. But such evidence 
would not be wholly without ambiguity from the biological standpoint. 
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Crossing-over is known to vary with age. If linkage values change as 
the age of the parent advances, we might suspect an increase in the 
frequency of rare combinations of genes, and in consequence greater 
variability among offspring separated by an interval of some years, as 
compared with offspring conceived at the same time. However, it is 
unlikely that such a source of increased variability would be very im¬ 
portant, for reasons which will be discussed later. In the same way the 
greater variance of fraternal as compared with identical twins is not 
entirely unambiguous. As pointed out by Stocks (1930), Holzinger 
(1929), and by Herrman and Hogben, the greater variance of fraternal 
twins with respect to physical characteristics may bring them into situa¬ 
tions in which the effective environment is less homogeneous than that of 
two identical twins. 

In agreement with a previous investigation by Lauterbach (1925), 
Herrman and Hogben found that the correlation between fraternal twins 
of mixed sex with respect to intelligence is much the same as the average 
for a large number of physical measurements given by Pearson and Lee 
(1903), viz. about 0*53, This value does not differ significantly from the 
theoretical genotypic correlation for sibs deduced on the assumptions 
(0) that the environment is homogeneous, (p) that mating occurs at 
random, and (r) that there are no dominance deviations. In contrast 
with this value, Herrman and Hogben find that in the case of sibs of 
different age the value r is about 0'35. 

In view of the conflicting statements of other investigators who have 
studied correlations between sibs, it is important to confirm or controvert 
this finding. Thus, while Pintner (1924) gives the same value as Herr¬ 
man and Hogben, Hildreth (192$) assigns a value as high as 0'68. 
Between these two extremes Miss Elderton (1923) gives for Kate Gordon's 
data 0'53, Hart (1924) gives 0*45, and Thorndike (1928) gives o-6o. 
These figures are based on different tests. The age-groups of different 
workers are not in all cases the same, a fact of considerable importance 
where there exists a significant correlation between age and I.Q. Further¬ 
more, the method of selection is not identical in all cases. Thus we may 
offer an explanation of the equivalence of Elderton’s value to that which 
has been assigned to the intellectual resemblance of fraternal twins. 
Elderton’s figure is based upon a group of orphanage children. In such 
a case differences of birth-rank might well have a psychological effect 
quite negligible compared with what they would have when children 
are brought up within a small family unit. Further, this method of selec¬ 
tion eliminates differences between the social environment of different 
pairs. 
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(b) First Coustns .—The theoretical interest which pertains to the 
study of the resemblance between first cousins arises partly from the fact 
that a comparison of cousins, classified with respect to the sex of members 
of a given pair and of their related parents, provides an excellent method 
of deciding whether differences of intelligence may arise in virtue of 
gene differences involving sex-linked gene substitutions. The theoretical 
treatment of this issue is given in a recent paper by Hogben (1932). 

There is another reason why the resemblance between first cousins 
IS of special interest. The values given by Elderton (1907) for the correla¬ 
tions between first cousins with respect to physical and psychological 
characteristics are all of an exceptionally high order. The genotypic 
correlation for cousins, calculated on the assumptions described above, 
is one-quarter the fraternal correlation, t.e. 0*125. Since the fraternal 
correlation of many physical characteristics is about 0*52, it is somewhat 
surprising that Elderton obtains such high values for cousins as those 
given in Table I 


Table I —Elderton’s Vai ues for the Correlation of First Cousins 
AND Sirs. 


Cousins 
Sibs . 


Intelli¬ 

gence. 


Health. Temper 
•31 *20 *34 

•53 -SO 

* Pearson and Lee. 


Eye- 

colour 



Hair- 

colour 

.39 


Miss Elderton’s correlations for mental characteristics were based upon 
arbitrary standards of assessment which antedated the more modem 
methods of testing. Only one investigator has recorded a correlation for 
the I.Q. of first cousins. Dexter (1924) gives the value 0*22, based on 131 
pairs. In this case also the methods employed do not satisfy the require¬ 
ments of modern technique in the testing of intelligence. Three different 
tests were given to children classified in three different age-groups. In 
the absence of information respecting the correlation between the various 
tests and between age and I.Q. in the group studied, it is not possible to 
compare Dexter’s results with those of the present investigation. 


2. Criteria of Reliability. 

The children of this investigation were pairs of sibs (brothers and 
sisters of different birth-rank) and pairs of first cousins taken from ele¬ 
mentary schools conducted by the London County Council. The ages 
of the children tested were between nine and twelve years six months. 
The test was the Otis Advanced Group Test (Form B), used by Herrman 
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and Hogben and also by Holzinger (1929) in their investigations into the 
I.Q. of twins. The method of selecting children and the range of ages 
were also the same as in the twin inquiry of Herrman and Hogben. 
Therefore, all figures given in this investigation are strictly comparable 
with those of Herrman and Hogben. The actual routine of testing was 
standardised by the kindness of Dr Herrman, who accompanied the 
senior author in the testing of many of the schools. In all cases both 
members of a pair of either (a) sibs or {b') first cousins were tested simul* 
taneously in the same group. 

In the interpretation of the significance of the correlations between 
sibs or first cousins calculated from these data, three issues demand 
separate investigation. These are: (a) the correlation of age and I.Q , 
(^) the existence of a residual correlation between unrelated pairs selected 
from the same schools, and (c) the reliability of the test itself in the sense 
in which the word reliability is used by educational psychologists. 

(a) Age and I.Q .—Ideally the correlation between age and I Q m a 
group should be zero. In fact, the constancy of the I Q. for age is not so 
perfect as to yield zero correlation for wide ranges of age. Various statis¬ 
tical devices have been proposed to correct for the influence of an appreci¬ 
able correlation between age and I Q. To the present writers, however, 
it seemed more desirable to arrange the conditions of the investigation in 
such a way as to reduce the correlation between age and I.Q. to negligible 
dimensions, than to introduce statistical corrections which may involve 
assumptions of somewhat dubious validity. In a group-test such as the 
Otis or Terman, for which norms only cover a period of from eight to 
eighteen years, it is clear that the age-group between eight and nine will 
tend to give an unduly high mean I.Q , and children of over, let us say, 
fourteen an unduly low value. In other words, all children of exactly 
eight years of age who are below the norm for that year are excluded 
from the test, because there are no published norms for below eight years 
of age. Again, a bright child of fourteen may be able to attain a score 
equivalent to the norm for eighteen years. Since the upper limit for the 
test score norms is at eighteen years of age, the same child, if tested at 
fifteen years of age, will evidently be assigned a lower I.Q. than if the 
test had been carried out a year earlier, even though he or she might 
obtain a higher raw score at fifteen. Apart from these considerations 
educational selection introduces another complicating factor. An appre¬ 
ciable number of bright children tend to leave elementary schools between 
the ages of eleven and twelve, when they are drafted into secondary or 
central schools. Herrman and Hogben actually found that the constancy 
of the I.Q. for the Otis Test is only satisfactory when the group tested is 
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confined to the limits set in this investigation. We have studied the 
question more fully, using data collected for their investigation (“A"), 
which they have kindly placed at our disposal, and combining it with the 
data (" B”) provided by our own investigation. In Table 11 two samples 
of each group of data, *‘B” and “A” plus “B" are given, constructed 
so that no two related individuals are in the same table and the age 
composition of each sample is identical 

Table II —Correlation for Ace and I Q 

r No. of Pain. 

“B”data .... Sample I -005±-04 610 

Sample II ‘03 ^=-04 611 

+ data Sample III -03 i 04 775 

Sample IV *02 4--04 776 

Mean of I and II 'Oisj 

Mean of III and IV -oas 

Mean of all . . *019 

The I.Q.’s for Table II and elsewhere in this communication were 
calculated on the basis of published norms for over 25,000 American 
school-children. The negligible correlation between age and I.Q. deter¬ 
mined on this basis shows that within the range of nine to twelve and a 
half years the American norms are satisfactory for London elementary 
school-children. 

(b) Correlation between Unrelated Pairs .—On the average only 
twenty pairs of cousins and sibs of the requisite age could be obtained from 
a single school. Thus the data presented in what follows are based upon 
a sample which is made up of a large number of groups in which all 
individual pairs have the same school environment and tend to be alike 
in social status. Hence if there were a measurable correlation between 
social status or school environment and I.Q., it would seriously bias the 
values obtained for correlations between relatives selected in this manner. 
This possibility is easily controlled in the following way. The resem¬ 
blance between unrelated pairs chosen in exactly the same fashion was 
determined by constructing correlation tables for pairs of unrelated 
individuals. These were made by combining one member of one pair 
of sibs or cousins with one member of another pair of sibs or cousins taken 
from the same school. A random age distribution was maintained in 
each table. Two values were then determined as follows:— 

-0-05±*07 (200 unrelated pairs), 

0-01 ±-07 (200 unrelated pairs). 

This shows that the correlations for sibs or first cousins are not signi- 
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ficantly affected by the fact that different groups of pairs are taken from 
different schools, and possibly from somewhat different social levels. 

(c) Reliability .—The question of reliability is one which merits very 
careful scrutiny. By reliability educational psychologists may mean one 
of three things: (i) The correlation coefficient obtained by testing each 
individual in a group with alternative forms of the same test on two 
different occasions, (ii) The correlation obtained when each individual 
of a group is tested on different occasions with one and the same form of 
the teat, (iii) The correlation obtained by comparing the test scores, 
or an I.Q. calculated from the test scores, when odd and even items in any 
one form of the test are separately assessed (“split-half reliability”). It 
IS clear that these three criteria of reliability do not measure one and the 
same thing. In the first case differences may arise because of differences 
in learning capacity. Such differences do not enter into the third. If 
such learning capacity is not perfectly correlated with whatever we measure 
by the I Q., reliability as judged from successive application of alternative 
forms of the same test will not agree with reliability measured by the third 
method. Again, the part played by memory is more important when the 
second method is used, than when either of the other two arc employed. 

It is therefore desirable to ask in what sense the issue presents itself 
in such an investigation as this. It is clear, in studying the correlation of 
relatives for I.Q., that three sources of error may affect our estimate of 
their resemblance between different members of the same pair. The 
first is defective administration of the test. This correspi>nds in a physical 
experiment to the accuracy of the measuring instrument employed. The 
second relates to variations in the response of the subject arising from 
the external conditions under which the test is made In physical science 
this would be analogous to matching colour standards under different 
conditions of illumination. The third concerns the way in which the 
responses of different members of a pair are affected by their reactions to 
events antecedent to the performance of the test. It is obvious that any 
difference between the response of one and the same individual to succes¬ 
sive forms of the test, arising from differences of learning capacity and 
memory, have no relevance to an investigation such as the present, in 
which both members of a given pair were always tested simultaneously 
by the same person in the same room under the same conditions of illumina¬ 
tion, ventilation, humidity, and temperature. Furthermore, all members 
of a group of pairs so tested were subject to the same technique of adminis¬ 
tration. For this reason reliability as measured by the testing of a group 
on two successive occasions docs not seem to us to be an appropriate form 
of assessment for an investigation such as this. 

P.II.8.E.—VOL. Lin, 1932-331 I’AST HI. *3 
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It is possible that a coefficient of correlation approaching unity might 
be obtained in any of the following three cases: (o) The practice or 
learning eflFect apparent in the score obtained on a second occasion might 
be diminished where the children have had previous experience of similar 
types of test. {V) Where a large proportion of the children on whom the 
reliability test is carried out are at the age of fourteen or more, and where 
I Q.’s are being compared, those obtaining on both occasions a score in 
excess of the maximum for which norms are published will necessarily 
yield the same I.Q. each time, (c) Much will depend upon the size of 
the interval between successive administrations of the test. For instance, 
it is likely that the longer the interval the less will be the disparity in scores 
due to the effects of learning or memory. It is claimed by others (^cf. 
Pintner, p. 90) that the practice effect is eliminated by lengthening the 
intervals between successive applications of a test up to a limit of about 
twelve months. Presumably it is on this basis that Kelley’s (1927) figure 
of 0-97 for the reliability of the Otis Test in the first sense defined above is 
determined. 

If, for the reason stated, reliability measured by correlation for succes¬ 
sive testing by alternative forms of the same test introduces considerations 
which have no bearing on this inquiry, analogous considerations apply 
with equal force to the use of the method of split-half reliability. The 
latter may be a useful instrument for investigating the internal homogeneity 
of a test, when our object is to inquire how far we are entitled to regard 
It as a measure of a single element of social behaviour. This issue does not 
emerge in the present inquiry. The problem dealt with here does not 
assume a unitary view of the nature of intelligence. Two issues arise in 
making comparisons between the resemblance of pairs of individuals 
selected in one way, e.g. fraternal twins, and pairs of individuals selected 
in another way, eg. sibs, when we test both individuals of a given pair 
under the same conditions, and arrange the inquiry so that roughly similar 
numbers of pairs belonging to each group are tested simultaneously. 
These two issues can be included under one general question: Is the 
relationship signified by the classification of pairs in a group unique? 
It may not be unique if (<») the age differences between pairs belonging to 
one group, or the age distribution of the group as a whole, are not the same 
as for other groups. The only question which then arises is whether the 
test yields an index which is not significantly correlated with age through¬ 
out the range covered by the data. ( 3 ) It may not be unique for another 
reason. The distribution of environmental variables between two groups 
distinguished in terms of genetic relationship may not be uniform. In 
this inquiry we have eliminated the possible significance of differences 
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arising from the school environment and social level of the pairs studied 
by showing that there is zero correlation for genetically unrelated pairs 
selected in the same way. We have therefore eliminated all environ¬ 
mental variables other than those of the intra-familial class, as, for example, 
birth-rank. 

Having established these two points, it seems to us that there is only 
one valid test of the reliability of conclusions which arc primarily con¬ 
cerned with the relative magnitude of resemblances of the kind with which 
we are dealing. This is whether independent investigation, carried out 
in the same way with the same test, yields corresponding numerical values. 
As will be seen, we have applied this check to part of our data, when we 
compare the correlation coefficient for sibs ascertained from our investiga¬ 
tion with that obtained in the previous study by Herrman and Hogben 

3. Age Distribution of the Data. 

The age distribution of all the children in the group of sibs investigated 
in this inquiry, classified with respect to sex, is given in Table III 

Table III —Age Distribution of Sibs 
Age, in Years and Months 

9O-9MI. lO-O-IO-lI. 11*0-II ir, I2-0-12'lI 

Male pairs 72 52 65 27 

Female pairs . 62 41 55 30 

Mixed pairs 70 51 51 18 

Total individuals 204 144 171 75 594 

In connection with subsequent analysis of the influence of birth-rank, it 
is of interest to place on record the size of the age interval between older 
and younger members of a pair in each age-group Table IV shows that in 
approximately 70 per cent, of the pairs of sibs examined the age interval 
was less than two years, and in over 95 per cent, the interval was less than 
. three years. 

Table IV.—Age Interval of Sibs. 

Difference between Younger and Older [tn Years). 

o-o-ii i~i-ii 2 2'ii S-S'ii Total. 

2 128 67 6 203 

4 69 8 . 81 

2 II .. . 13 

Total pairs . . 8 208 75 6 297 

The age distribution of all the children in the group made up of pairs of 
first cousins is given in Table V, which is constructed in the same way as 
Table III. 


Age of Younger 


9*0- 9'1I . 

ICO-IO-II . 
1I*0-II-I1 . 


Total 

216 

188 

190 
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Table V.—Age Distribution of Cousins. 

Age, tn Years and Months. 

9-o-9*ii. lo-o-io-ii. ii-o-iMi. ia-o-i2-ii. Total, 
Male pairs • • 53 93 84 26 256 

Female pairs . . 49 70 54 ii 184 

Mixed pairs . . 48 71 40 18 186 

Total individuals . 150 234 187 55 626 

Table VI sets out the age intervals between the younger and older 
members of the cousin pairs. In nearly 60 per cent of the pairs of cousins 
examined the age interval between the two members of a pair was less than 
a year. In over 90 per cent, the interval was less than two years. Thus, 
apart from the negligible correlation between age and I.Q. within the 
range 9-12^ years exhibited m Table II, the cousin data of this investiga¬ 
tion were selected in such a way as to minimise any error in the determina¬ 
tion of the correlation coefficient for intelligence which might arise from 
extensive variations between the ages of members of the same pair. 

Table VI —Age Intervals of Cousins. 


Age of Younger. 

Difference between Younger and Older {tn Years). 



O-O'II. 

I-I-Il. 2-2-11 3-3'II. 

Total. 

9 0- 9-11 . 

. 43 

62 24 I 

130 

lO'O-IO-II , 

. 87 

3t 5 

123 

IPO-IPII 

• 50 

6 

56 

I20-12-II . 

4 


4 

Total pairs . 

. 184 

99 29 I 

313 


Since one of the objects of this inquiry has been to seek for evidence 
pointing to sex-Imked gene differences affecting intelligence, it is desirable 
also to give the age distribution of the cousin group classified with respect 
to the sex of their related parents. This is given in Table VII, from 
which live pairs were excluded because the relationship of the parents 
was not checked. 

Table VII —Ace Distribution of Cousins with Rfspfct to the Sex of 
Their Related Parents. 

Age, in Years and Months. 

9-0“9-ii. lo-o-io-ii ii'O-ii'ii. •i2'0-t2‘ii. Total. 
Maternal pairs 68 109 75 30 282 

Paternal pairs , . 24 43 40 7 114 

Mixed parent pairs . . 55 77 70 18 220 

Total individuals 147 229 185 55 616 
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4. Resemblance of Sibs. 

In this investigation 297 pairs of sibs were tested. In view of the 
effect of sex-linked genes upon the observed correlation between sibs, 
according as we take female pairs, male pairs, or pairs of mixed sex, we 
have treated the data first as a whole and then classified with respect to 
sex. In Table VIII the correlation coefficients calculated from the 
observed data are given in the left-hand column, and in the right-hand 
column will be found, for purposes of comparison, the genotypic correla¬ 
tions for autosomal and sex-linked genes in a system of random mating. 


All pairs 
Female pairs 
Male pairs . 
Mixed pairs 


Table VIII.— Cokrelation for Sibs (“B”). 


Observed Values (IQ) Genotypic Correlation 


r. 

No. (a) Autosomal 

(4) Sex-linked.‘ 

• *35 ±-05 

297 -50 

•40 

. •47-fo8 

94 SO 

•75 

•33 ±'09 

108 >50 

•50 

. -sbi-io 

95 -5° 

•35 

* Hogben (1932) and 

Charles (1933). 



Two features of the new data embodied in Table VIII deserve con¬ 
sideration. The first is the striking agreement between our own value for 
the entire group of 297 pairs of sibs, and that given by Herrman and 
Hogben for their smaller group of 103 pairs selected and tested in the 
same way and belonging to an almost identical age-group. The second 
is the fact that the correlation coefficients of the pairs classified with 
respect to sex diminish in the same order as the genotypic correlations for 
sex-lmked genes. 

Lest too much importance be attached to this parallelism, we have 
calculated the coefficients for a larger group composed both of our own 
data and those of Herrman and Hogben (Table IX). 


Table IX.—Correlations 


All pairs 
Female pairs 
Male pairs 
Mixed pairs 


FOR Sibs (■‘A’’ + “B’'). 
r. No. 

. -37^-04 391 

■41±-o8 123 

•33>07 138 

. •37d:-07 131 


It will be seen that although the female pairs still yield a higher value than 
male pairs or pairs of mixed sex, the male pairs yield a lower value than 
the pairs of mixed sex. It is possible that the higher correlation for 
female pairs is due to greater uniformity in the early family environment 
of female sibs, as compared with male sibs or sibs of mixed sex. If it 
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were due to seX'linked genes, we should expect male pairs to be more 
highly correlated than pairs of mixed sex, not only because the genotypic 
correlation for male pairs is higher than for pairs of mixed sex when 
inheritance is sex-lmked, but also because the absence of dominance 
deviations in the somatic correlation of brothers tends to magnify the 
difference still further. The mam result, therefore, of this part of our 
inquiry is to confirm the conclusion that the correlation for a group of 
sib pairs is significantly lower than that for a group of fraternal twins, 
when these are tested for intellectual resemblance under similar conditions 
by the same method of assessment. 


S- The Influence of Birth-rank on the I.Q. of Sibs. 

The conclusion last stated raises an issue already mentioned in the 
Introduction. What influence has birth-rank on the I.Q. of members 
of the same family? Herrman and Hogben found from their data that 
the mean I.Q of first-bom children of small fraternities was distinctly 
higher than that of later members; but the numbers examined were too 
few to justify a confident statement concerning the significance of this 
result. Our own mean values for all individuals belonging to the sib 
group and to the group of first cousins, classified with respect to birth- 
rank, are compared with those of Herrman and Hogben in Table X. 
A striking agreement between the two is manifest. 


Table X.—Mean I Q. oii Chiidrfs ok Different Birth-ra.nk (Sibs). 


First 


Second. 


T,. fourth and .Sixth and 

Fifth Later 


Gray and Moshinsky . 1128±13 io88±i*i 1066' r4 ioS'6±i'4 io46}:i‘4 

(275) (320) (181) (197) (173) 

Herrman and Hogben ii75J:i-5 iii8±i*4 io8'S-l8o* 

(126) (116) (n) 

* Third and later-bom children 


To see the significance of this in its correct perspective it is necessary 
to consider two points The first arises from the fact that first-born 
children constitute an older age-group. This leads us to ask: Could 
their higher mean arise from the small positive correlation between age 
and I Q recorded in Table II? If this were so, we should expect the 
difference between first- and later-born children to be not greater than that 
between younger and older children, when the data are divided into two 
equal age-groups as in Table XI. This table is based on the entire cousin 
group, where we should necessarily expect to find a larger proportion of 
first-bom children than in the sib group, and where, in consequence, we 
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should obtain a more equal distribution of hrst- and later-bom children 
for purposes of comparison. 

Table XI.—Mean I.Q. and Percentage or First-born Children in Younger 



and Older Ace-groups (Cousins). 


Age-group. 

No. 

Mean I.Q 

No. of 
First-bom 

Percentage of 
First-bom. 

9-0 -10-9 

350 

1077 ±i*» 

«'3 

31% 

I0-1O-12-6 

26s 

1067 + 1-3 

86 

31% 


This table shows that in the case of cousins, among whom first-born 
children constitute an equal proportion of both the younger and older 
age-groups, there is no difference between the mean I.Q. of younger and 
older children. 

The second issue which demands consideration is a possible negative 
correlation of fertility with I.Q. This would be a serious source of error 
if an appreciable proportion of individuals belonging to the group of 
first cousins were members of single fraternities Such individuals might 
augment the group of first-born children by the addition of representatives 
of families of low fertility. As a matter of fact, very few such children 
are included in our census of cousins and sibs; the proportion is less than 
5 per cent, of our entire data. In any case the issue can be tested by 
comparing first- with later-born children in families of different sizes. 
From Table XII it will be seen that in fraternities of different sizes the 
mean value for the I.Q, of first-born is generally higher than that for later- 
born children. In the absence of very decisive evidence to the contrary, 
we are entitled to disregard the possibility that parental fertility and 
intelligence are negatively correlated within the restricted social group 
which forms the subject of this inquiry. 


Table XII—Mean Values of IQ. jor Pirst- and Later-born Children 
IN Families oe Different Size. 


Size of 
Family. 

First. 

Second. 

Third 

P'ouith and 
Fifth. 

.Sixth and 
0\er 

Mean 

2 

ii5'4±2-5 

108-4+2 2 




I12-5 + 1-7 


(90) 

(65) 




(155) 

3 

113-2 + 2-4 

109-4+2-1 

107-4+30 



110-6 +1 4 


(84) 

(89) 

(37) 



(210) 

4-S 

no-4+2-2 

111-9 + 1-8 

107 6+2-1 

104 6+2-3 


109-0+1-0 

(76) 

(M3) 

(82) 

(70) 


(341) 

6 and 

109-2+4-2 

IOI-5^2•6 

1047 2-3 

106-2 + 1-7 

1046 + 1-4 

105-5+09 

over 

(25) 

(S3) 

(6a) 

(127) 

(173) 

(440) 

Mean 

112-8 + 1-3 

108-8 + 1-1 

106-6+1-4 

105-6+1-4 

104-6 + 1-4 



(275) 

(320) 

(181) 

('97) 

(173) 
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6. The Resemblance of First Cousins. 

We may classify first-cousin pairs into such as are both male, both 
female, or of different sex; and again into such as are the offspring of 
two brothers, two sisters, or brother and sister. When the related parents 
are mixed sibs, the genetic theory of sex-linked inheritance necessitates 
our drawing a further distinction between the case in which the male 
parent of the male is the brother of the female parent of the female and 
the case in which the female parent of the male is the sister of the male 
parent of the female. Combining both methods of classification, we have 
thus ten classes, viz. female pairs, male pairs, and mixed pairs of both 
maternal and paternal cousins, together with male or female and two 
classes of mixed pairs of cousins whose related parents are mixed sibs. 

For the detection of sex-linked genes, the theory of the ideal method 
is given by Hogben (1932). Hogben’s values for the theoretical correla¬ 
tions, when transmission is sex-linked and mating occurs at random, are 
given in Table XIII 

Table XIII.— Genotypic Correlations for First Cousins (after Hogben). 


Maternal Caustns. 

Heterozygote 

Intermediate. 

Dominance 

Complete. 

Female pairs 

. *1875 

•125 

Male pairs 

• ’375 

•375 

Mixed pairs 

. *250 

•>33 

Paternal Cousins, 

Female pairs 

. -250 

•167 

Male pairs 

■000 

000 

Mixed pairs 

•000 

•ooo 

Mixed Cousins. 

Female pairs 

•I2S 

•083 

Male pairs 

■000 

■000 

Mixed pairs («)* 

•000 

•000 

Mixed pairs (4)* 

. -167 

•067 


* (o) Male parent of male cousin is brother of female parent of female cousin. 

{b) Female jMirent of male cousin is sister of male parent of female cousin. 

Unfortunately, the division of a group into ten classes of dimensions 
adequate for confident treatment is possible only when a very large body 
of data is available. C. Gordon has given the corresponding theoretical 
values appropriately weighted for the proportions of the several classes 
examined in this investigation, as classified in Table XIV. The theoreti¬ 
cal values are exhibited on the right-hand side of the table; the values 
calculated from the data of this investigation are given on the left-hand 
side. 
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Table XIV.— Observed Correlations for I Q. coupareu with Genotypic 
Correlations. 

Observed Correlation for 1 Q. Genotypic Correlations. 

r. No. Autosomal Sex-hnked * 

k. All Cousins . . •i6±-o6 313 -125 ‘iia 

B. Pairs Classified with 
respect to Sex Only 

Female pairs . -lyi-io 92 -125 '172 

Male pairs •i6±'09 128 -125 -047 

Mixed pairs . •io±"03 93 -125 -104 

C Pairs Classified with 
respect to Sex of 
Related Parents. 

Parents sisters '15 l-•07 141 '125 '281 

Parents brothers •03±*I3 57 -125 -042 

Parents mixed . •24_h'09 no *125 ’063 

* Calculated for these data by Mr C. Gordon 

If we take into consideration only the data presented in Table XIV, 
we are at once impressed with the fact that with one conspicuous exception 
the order of magnitude of the correlation coefficient for the several classes, 
like that in Table VIII, exhibits a striking parallelism with what would 
be expected if sex-linked gene substitutions contribute conspicuously to 
observed differences in intelligence. However, as before, we must em¬ 
phasise the need for caution in estimating the significance of this corre¬ 
spondence. The most convincing evidence of sex-linked gene diflferences 
would be an exceptionally high correlation for the male pairs of maternal 
cousins which appear in Table XIII. In this investigation we obtained 
sixty-one pairs of this class. The correlation for this small group was 
practically zero. For this reason we are not entitled to attach great 
significance to the order of size in the coefficients exhibited in Table XIV. 

7. Discussion. 

Three main issues of interest to the biologist and psychologist emerge 
from the new data presented in this communication. In order to facilitate 
their discussion we have tabulated the recorded values for the correlation 
between collateral relatives with respect to intelligence, as measured by 
the Otis Group Test employed in this investigation. These are given in 
Table XV. 
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Table XV.—Otis Group Test Correlations. 


Relationship 

r 

No. 

Investigator, 

Identical twins . 

•88 ±-02 

SO 

Holzinger (1929). 


•84 ±-04 

65 

Herrman and Hogben (1933). 

Fraternal twins of like sex . 

•62±-o6 

52 

Holzinger. 


•47±-o8 

96 

Herrman and Hogben 

Fraternal twins of mixed sex 

•Si±-o6 

138 

Herrman and Hogben. 

Sibs .... 

•32 ±*09 

103* 

Herrman and Hogben. 


•35 ±-05 

297 

Gray and Moshinsky. 

First cousins 

•i6±^o6 

313 

Gray and Moshinsky 

Unrelated pairs from - 

•02 

(Mean of two 

Gray and Moshinsky 


same school. values for two 

samples of 200) 

* Sibs between and 12 years. 

(i) Although there has been complete unanimity amongst previous 
investigators concerning the conclusion that there is greater intellectual 
resemblance between identical twins than between fraternal twins of like 
or mixed sex, the relative resemblance of fraternal twins and ordinary 
sibs has not hitherto received satisfactory treatment. As already stated, 
Herrman and Hogben recorded a significantly lower correlation for sibs 
than for fraternal twins; but their value for sibs was not based upon a 
very large sample. Moreover, it was decidedly .lower than the values 
obtained by other investigators employing other tests. Merriman (1924), 
who did not himself test a control group of sibs, assembled from an un¬ 
published study by Miss Rensch figures which range from r=-34 to r = *6l, 
based on samples of less than 200. On this basis he asserts that “sibling 
resemblance is universally stated to be very close to r = *S,’* and adds: 
“These figures furnish convmcing evidence for the relation between 
fraternal twins and siblings." The fraternal twins, he states in the same 
paragraph, “give practically the same amount" for the Stanford-Binet 
Test. On the other hand, the Beta and N I.T. Tests give much higher 
values for fraternal twins. Merriman thus arrives at a mean for sibs 
which differs very little from the correlation of fraternal twins found by 
Lauterbach and by Herrman and Hogben. We are entitled to question 
the validity of this procedure for a reason which may be illustrated thus. 
A biologist investigating the effect of pituitary removal upon the blood 
calcium of a species of frog, whose blood calcium is subject to a con¬ 
siderable seasonable variation, would not compare a set of values derived 
from hypophysectomised animals taken in one month of the year with the 
mean of a large number of independent observations made with methods 
of different accuracy at different times of the year. 

If we are to examine differences between the degree of resemblance 
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shown by relatives of different types, it is of the utmost importance to 
compare values obtained in the same test on samples selected in the same 
way under the same conditions and, as far as possible, by the same investi¬ 
gators. In the present study the technique of administration may be taken 
to be identical with that employed in the investigation of Herrman and 
Hogben, who have examined the largest sample of twins recorded up to 
the present. With a larger sample of sibs, selected from the same type 
of school and so chosen as to eliminate any appreciable effect of age 
upon I.Q. differences, our results confirm those of Herrman and Hogben. 
In our view, they justify the conclusion that the difference between the 
resemblance of fraternal twins and ordinary sibs is as firmly established 
as the difference between the resemblance of identical and fraternal 
twins. 

It remains to inquire what significance can be attributed to this 
difference. From the standpoint of genetic psychology the most obvious 
answer is that two fraternal twins share the same uterine environment 
and the same stage in the family fortunes, and that they are more likely 
to share the same type of physical and social routine than sibs born at 
different times. Sibs born at different times may come at different periods 
in the family fortunes, benefit to a different extent from the experience of 
their parents, and may be housed in a uterine environment conditioned 
by different states of maternal health. Indeed, it would not necessarily 
be surprising if studies of sib resemblance based on samples from different 
communities or different social levels led to different results. For we 
must remember that the comparative constancy of the I.Q. between the 
ages of, let us say, five and fifteen affords no presumption concerning the 
differential influence of environmental agencies which operate in utero, 
or during the earliest and, it may well be, most formative years of child¬ 
hood. In a penod of prosperity, or in a social group experiencing an 
increasing standard of living, the environment of later-born children may 
be more favourable than that of first-born children. On the other hand, 
in times of depression, or in a group with no prospects of economic advance¬ 
ment, the environment may be less favourable for later-born children. 
Taken in conjunction with the fact that we have no other data for sib 
resemblance based on the use of the Otis Test, the somewhat higher 
values for the correlation of sibs obtained by American workers, with the 
exception of Pintner (1924), do not appear to us to be remarkable. 

While there are obvious reasons why the environment of fraternal 
twins should be more homogeneous than that of two sibs separated by 
a period of years, we must not neglect an alternative possibility which 
might increase the variance within the latter group. Haldane and 
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Crew (1925) have shown that crossing-over varies with age for the barred 
and silver sex-linked mutations in the domestic fowl. If an analogous 
phenomenon occurs in mammals, we might expect greater variance in 
offspring separated by a long period of years, on account of the increase 
in the frequency of combinations of genes located on different members 
of the same pair of chromosomes in the maternal parent. There are two 
reasons why we do not think it at all likely that this explanation accounts 
for the difference between the resemblance of fraternal twins and sibs 
with respect to intelligence The first is that in this investigation the 
pairs of sibs examined were in no case separated by a period equivalent 
to a large fraction of the child-bearing period. The second is that the 
number of human chromosomes is comparatively large and the disparity 
between their sizes not great, as it is, for example, in the domestic fowl. 
It would be indeed remarkable, taking both these facts into consideration, 
if the observed disparity between fraternal twins and ordinary sibs with 
respect to intellectual resemblance were exclusively, or even mainly, due 
to a genetic mechanism. 

(ii) The second point of interest which emerges from the present 
investigation concerns the relative magnitude of the correlation for first 
cousins and ordinary sibs. In so far as environmental differences may 
distinguish the two members of a cousin pair even more strikingly than 
members of a pair of sibs, it is reasonable to suppose that the significance 
of the resemblance between the correlations in each case would not be 
easy to estimate. This raises an issue which is still controversial. Two 
views exist concerning the use of correlation technique in genetic inquiries. 
One is that put forward by Dr Fisher (1918), who holds that the genetic 
theory of correlation permits us to ascribe to observed variance in a popu¬ 
lation numerical fractions attributable to gene differences and differences 
due to environment. The other view is advanced in his recent William 
Withering Memorial Lectures by Professor Lancelot Hogben, who 
contends that the problem of nature and nurture so stated is inherently 
ambiguous. He maintains that correlation technique, when applied to 
data collected in a way which conforms to the conditions of a controlled 
experiment, can be used to detect gene differences or differences due to 
environment, but not to indicate which of the two is more important. 
Whichever view we take, it must be admitted, as Haldane points out in 
his recent book. The Causes of Evolution, that the very high correlations 
for physical characteristics recorded by Elderton in her studies upon the 
resemblance of first cousins are exceedingly difficult to explain in terms of 
a purely genetic theory. Indeed, Dr Fisher himself was foremost to admit 
this difficulty. 
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In this investigration the correlation of first cousins for intellectual 
resemblance (’16) was much lower than the value recorded by Elderton 
(•34), and does not exceed the genotypic correlation theoretically deduced 
for autosomal genes in a system of random mating (‘125) by a quantity 
appreciably different from the difference between observed fraternal 
coefficients for physical characteristics (*53), and the genotypic correla¬ 
tion coefficients calculated upon the same assumption (-50) On the 
other hand, the correlation for sibs here recorded (*35) is much lower than 
the fraternal coefficient for physical characteristics (-53) recorded by 
Pearson and Lee In fact, the ratio of the correlations for first cousins 
and sibs with respect to intelligence, as determined in this inquiry (-ifi- 
*3S)i roughly the same as the recorded ratio of the same coefficients 
for physical characteristics (•3S-*S3) This clearly calls for an explana¬ 
tion, and we do not find it easy to see how genetic theory can provide it. 
On the other hand, it would be easy to explain why the ratio of first-cousin 
correlation coefficients to coefficients for sibs might be lower than that 
predicted by genetic theory, if, as Hogben points out m a forthcoming 
publication, significant inter-familial differences of environment tend to 
raise fraternal correlations more than correlations between first cousins. 

Tentatively, we might advance the following explanation for what is 
actually found, though we fully recognise that it offers a more plausible 
interpretation of the data derived from the study of social behaviour 
than of the data obtained from the study of physical characteristics 
This is that when we are examining a comparatively homogeneous social 
group, the differences which distinguish the environment of individuals 
of different birth-rank within the same family are of greater significance 
than differences of environment which distinguish individuals of the same 
birth-rank in different families Such a conclusion is not wholly repugnant 
to views which have been advanced by leading psychiatrists like Freud and 
Adler, though not always on the basis of evidence which would commend 
itself to a scientific investigator. 

(hi) In dealing with a species such as Man, in which the number of 
chromosomes is large and their sizes do not vary greatly, there is no 
prima Jade reason why differences with respect to any characteristic 
should be appreciably affected by sex-linked gene substitutions. On the 
other hand, such a result is not essentially impossible, since we might 
encounter a considerable series of multiple allelomorphs. There is a 
common belief that conspicuous intellectual ability is more frequently 
inherited through the mother than through the father. Whether this 
belief has any foundation in fact, there are no quantitative data to justify. 
In any case, if there were evidence associating ability of offspring with 



206 


/. L. Gray and Pearl Moshinsky, 

the maternal rather than the paternal parent, it would be obviously open 
to a different construction, since in the formation of a child’s social en¬ 
vironment the influence of the mother may well be more important than 
that of the father. In this investigation we have attempted to apply 
what means we have at our disposal to identify differences due to sex- 
linked genes. The results are suggestive, but we do not regard them as 
at all conclusive, and offer them merely as a starting-point for further 
investigation. 


8 . Summary. 

I. The correlation for pairs of sibs differing by not more than three 
years of age and between the ages of nine and twelve and a half years, 
tested by the Otis Advanced Test, is •35±*oS. 

II. For pairs of first cousins the coefficient is -ibi-od. 

III. This investigation establishes the existence of a significant 
difference between the correlation of fraternal twins and ordinary sibs 
with respect to intelligence as measured by a group-test. 

IV The possible existence of sex-linked gene differences with respect 
to intelligence is discussed. 
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XV.— Matrices and Continued Fractions, II. By Professor 
H. W. Turnbull, F.R.S. 

(Revised MS. received May 13, 1933 Read May 15, 1933 ) 
Introduction. 

This communication is a sequel to a former work (JProc. Roy. Soc. Edin , 
vol. hii, 1933, pp. 151-163) An explicit, and apparently new, form is 
given for the rational reduction of a matrix to diagonal form, applicable 
to symmetric matrices and also to continuants. An account follows which 
co-ordinates several existent theories of generalized continued fractions, 
and concludes with a few determinantal theorems as corollaries. 

§ I. Application of Schweins’ Theorem. 

Let 

A = [ai,d„ . , , w.l-L/,] 

denote a matrix of n rows (r = i, 2,. . , n) and « columns (j —a, b, . , m) 

from which any non-zero minor determinant of r rows is chosen Accord¬ 
ing to a classical identity of Schweins* (1825), the ratio of a second to 
this first r-rowed minor may be expressed as a series of continually simpler 
terms, provided that the minors differ only in respect of one row (or one 
column). For instance, if {abe)xa the minor of the first three rows 
and columns, 

{abd)ya {ttb)y^acd)y a ^ ^ 

ri(ar)„ c^ ' 

The senes has r terms, fixed as follows- from the given r-rowed minor 
(which necessarily has a non-zero minor of (r- i) rows) a non-zero minor 
(ao)i, is selected. From this again a non-zero Oi is selected: and so on 
until a single element is reached in r steps. Inspection will now show 
how the denominators, and in turn the numerators, are constructed in this, 
and in the r-row, case. 

The proof by means of Jacobi’s theorem on the adjugate is simple. 
In fact, we have 

(aid)j„(ac\,-^(ab)i^aed)i„+(ab^)i„(ad)i,. . (2) 

On transferring the leading term on the right to the left of (i), and 
using (2), we obtain on the left 
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and by repeating the process the identity is proved, 

A modified form of the same theorem is illustrated by the following 
identity:— 

(atcd)itu , Wii 4 (^AM , (a^)i«W)ii , ^4*^1 , 

which expresses any element dt of the given array as a series of terms, 
whose denominators are based on a set of non-zero minors, such as 

«i. ... ^o. . . . (4) 

This (and all such identities) is proved telescopically by replacing the 
two leading terms by a single term as given by an identity of type (2) 
Equally well the simplification may proceed telescopically from right to 
left, beginning with the term d^. 

If conditions (4) hold, then any given matrix A can be expressed in 
the form 

A’^PDQ, \P\^\Q\^i,. . . (s) 


where P and Q are non-singular matrices with unit determinants, and 
Z? is a diagonal matrix. Namely, 



In proof of this, or of its «-rowed analogue, it is only necessary to perform 
the indicated multiplications. The resulting n* equations, obtained by 
equating corresponding elements on the left and right, are then seen to 
be so many examples of Schweins’ theorem. 

The reciprocals of the matrices P and Q are as follows:— 



The verification that the product PP-^, as also QQ~^, is in fact the unit 
matrix I, once again depends directly upon the same theorem. The 
actual values of Pu, qn, the typical elements belonging to the i^^ row 

P K.S.B.—VOL. UII, 1932-33, PAXT III. I4 
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and thecolumn hvaP and in Q are given by quotients of determinants as 


^ _ (fib . . . A),,. . . (j^i) 

(ab. 

where a, b . b, . . 


t are the » columns : 


1 their actual order in A. 


§ 2. Apphcatton to Singular Case. 

When the matrix ^ is of rank r ( < «), at least one minor of r 
rows does not vanish, whereas each minor of more than r rows vanishes. 
In this- case the formula A =PDQ continues to apply, only that a zero 
now replaces every term which otherwise would have an (r + i)-rowed 
minor in its numerator or denominator. For example, if (a^)ii>0, 
(abe)i„=o, r = 2, 



and the proof is essentially the same. 

It is still true that 

A~PI?Q, |/>|-|C|-i, 


but in this case the diagonal matrix Z? contains just r non-zero elements. 
It has been assumed for neatness that the leading element ai and the 
leading principal minors, up to the order r, are non-zero. In the con¬ 
trary case, when some other r-rowed non-zero minor has to be selected 
the formula is modified by suitably deranging the rows and columns 
of both P and Q- 

This result is in keeping with, but differs from, the fundamental 
theorem of H. J. S. Smith,* in which a matrix is reduced to a diagonal 
of r non-zero elements Ap/Ap_i, where the A, are the H.C.F.’s of the r 
complete sets of minors of each particular order p(< r). 

It will be seen that, in the case when A is symmetrical (A =A'), then 
the above formulae virtually give the reduction of a symmetrical matrix to 
rational canonical form by congruent transformation, since the matrices 
P and Q are evidently transpositions of each other. That is, if A=A', 
then 


A~PDQ, P’’~Q, 
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Again, if is of rank r, and Ai, its leading submatrix of r rows and 
columns, is assumed to be non-singular, then let A be written in partitioned 
form 

. 


Here has (n-r) rows and columns, Bi has r rows and (« -r) columns, 
and At has (n-r) rows and r columns. This leads to the following 
result. 

Theorem .—If A is of rank r, and Ai is a non-singular submatnx 
of rank r, then 


Bt-‘AtAj-^Bi .(3) 

identically. 

Proof .—Let D=PiAiQi be the diagonal form of the non-singular 
Ai, where Pi and Qi are the reciprocals of the P and Q factors in formula 
§ 1 (6) (for r rows and columns). Consider the continued product 


[;; J K; S] /] 


consisting of three matrices similarly partitioned, I being a unit matrix 
of (n - r) rows and columns. If 

PfAi + At^o, AiQt+Bi’^o, I Ai | o, 


then Pf, Qt are uniquely given by - A tAi~'*^, - Ai~^Bi'. and the continued 
product is 

VPiAiQi, . I 

L . , Bt-AtAi-'Bi\ 


But this must be of the same rank as A, since the other two factors of the 
continued product are non-singular. Also the rank of PiAiQi is r, 
which is that of A. Hence the other submatrix must be zero; which 
proves the result. 

A similar result holds if yfi is any r-rowed non-singular square sub¬ 
matrix of .< 4 . Next if 

*,}, >- 1 , .. yti-r} 

denote sets of parameters, supposed to be arranged in column (as indicated 
by the convention { )), then the matrix product 

A{x,yS^\!ii 


also denotes a column, of n elements X|, . Let these, equated 

to zero, be regarded as n linear equations for the x and the y. 
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That is, 


ailCl -“• 

AiX + Biy—o, AtX+£,y‘0. 


But I Ai 1 ^*0. Hence x may be found as so that 

(B,-A^r'Sdy‘ 0 . 

By the above theorem this coefficient of^ is zero, so that y may be arbitrary. 
This gives an explicit form of the well-known result that the solution of 
n linear homogeneous equations for n unknowns x, y involves exactly 
(« - r) arbitrary parameters y. 

The resultant matrix is incidentally an example of 

a non-commutative determinant introduced by Richardson.* 


§ 3. Continued Fractions. 


The preceding methods, based upon the fundamental theorem of 
Schweins, are really the underlying principles in the theory of continued 
fractions. In fact they unify the theory not only of simple but of generalized 
continued fractions, all of which may be looked upon as matrices either 
in extended .< 4 , or in diagonal D, form The algorithm of Schweins is 
the general, of which all the algorithms of continued fractions are particular 
representations. 

All such particular cases are included among matrices called con¬ 
tinuants, of the open or closed types. 


Open Continuant. 



Cl bi a, -i 

bf Of <*• -I 


Closed Continuant. 

«i -I 

a, bi -1 

a, b, c, -I 

b* -I 

<■» ^6 

a, b, e, -I 


To the right of the over-diagonal (-1 = 6 i~Ct=dt = . . .) every element is 
zero: to the left there arc arbitrary elements arranged in s sets a, h, c, 
. . . (The illustrations have three sets.) Suffixes refer to rows; and each 
row below that on which the set starts has one letter of each set. A set 
starts on the pnncipal diagonal: and if the set is broken into several 
columns, then at each column it starts on the principal diagonal, which 
must be completely hlled with elements. 

The characteristic of the closed continuant is that each column should 
contain s elements of the sets. Hence the elements are confined to 
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consecutive and parallel diagonals: and, according to the rules laid down, 
a cyclic repetition, of period j, is apparent in the rows. In a closed 
continuant the elements are consecutive upon each row: in an open 
continuant this is not necessarily the case, as shown, for example, in the 
gap between a^ and e^. 

The closed continuant of two sets (f=2), 



is associated with an ordinary continued fraction 

+-^ — 

<*3+ ^4+ ’ 

where the successive numerators pi can be written as a vector 
/-{i, A. A. 

which is identically equal to 

{1, fli, {fd>c)y^, ...} . 

in the original notation of the matrix A This is a result due to Sylvester,* 
which may easily be verified. The recurrence relations satisfied by the 
pi are comprehended in the simple matrix formula 
Ap^o, 

which again is easily verified The set g satisfies the same formula, 
except for the first row of A. From this point of view a generalized con¬ 
tinued fraction is a set of j - i ratios 

Pn 9n ■ ■ • : >'» 

(and therefore one ratio in the ordinary case, r = 2), wherein each of the 
sets^={A}i 9 ={ 9 i), • • • satisfy the same recurrence relations 
A,p = o, A,q^o, . . ., A,r~o, 

where At means the matrix A modified by writing zeros throughout the 
first (j - l) rows. While this modification is necessary in order to intro¬ 
duce suitable initial conditions for determining the (s -1) sets p,q, . . r, 
the first set may be taken as satisfying the unmodified equation Ap=o. 

It is interesting to note that, in the ordinary case, j = 2, the diagonal 
form D of A has for its elements actual continued fractions since, for 
instance, 


( 3 ) 

(4) 

(5) 


{adede)iutt A j , A 

p^ * 0^+ if ■¥ Oi 
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Modifications and generalizations may now be examined according to 
the value of r. If j = i, there is one set a, and the case is relatively trivial. 
If s = 2 there is the possible case 



where the set a is confined to the first column. If Ap=:o, then p„ is the 
numerator of an ascending continued fraction, 




The closed case, as has been remarked, gives rise to the ordinary (or 
descending continued fraction), while all intermediate open cases furnish 
hybrids or mixed ascending and descending fractions. 


§ 4 Second Matrix Representation. 

The above discussion of open and closed continuants is a development 
of the initial work of Sylvester. A second useful representation of con¬ 
tinued fractions by matrices was introduced by H. J. S. Smith {Collected 
Works, i, 184; B. A. Report (l 860)), who pointed out the connection between 
the continued fraction 

— -. . . . (i) 

-Pi- f*i- -Ml. 


and the product of n two-rowed matrices 


n[- "*} 

r.lLl 


Evidently the fraction (3) of § 3 is such that 

[! “‘JC,' i][! 


^-‘lo 

y«-lJ 


A 

Lfn-l 




according as » is odd or even, as is at once verified by induction. If 
(pq)n denotes then on taking determinants of each side 

we have 

• .ton factors. ... (3) 

This illustrates the case of two sets a, b (f=2), wherein the sets appear 
in separate rows throughout the matrices, a in the first, b in the second 
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row. The general case can best be exemplified by taking r = 3, and using 
three types of matrix-factor: 


; 3 ! 3 -G; '3 


(4) 


and, in general, using f such types of r-rowed matrices. If denote 
cither j 4 t, Bt or Ci, then the continued product 


A A 


r/x /m a 'I 

k J: d 


defines a set of three convcrgcnts, the A***, the and the to a general¬ 
ized continued fraction. The exact values of the suffixes A, /x, v depend 
upon the types of the /•<, and indeed reflect the features of the open and 
closed continuants already considered. In fact, if the Pt arc determined 
by the actual order of the letters in the principal diagonal of a continuant, 
then the elements p, q, r satisfy the recurrence relations A,p= 0 , etc., as 
is proved without difficulty by induction. Thus, for instance, 

.( 6 ) 


define two generalized continued fractions, corresponding to the exem¬ 
plified open and closed continuant. The former has been called by 
Perron” a deranged, the latter a cyclic, continued fraction. 

If both sides of ($) are postmultiplicd by then the result is 

evidently the same as adding unity to A or to /x or to v only, according as 
this new factor P is of type A, B ox C. It follows that in, and only in, 
the cyclic case the sufiixes A, fx, v are consecutive integers, as, for instance, 
in (2). The deranged case has been studied by Paley and Ursell,® and 
more recently by Milne-Thomson,* who has made essential use of the 
matrix methods of H. J. S. Smith. 

A generalization of (3), which expresses the determinant {pq . r))^ 

as a product given by the small letter equivalent of (6), is at once obtained 
by taking determinants of (5). 

Again, if each such determinant is unity, so that = i in Ai, = i 
in Bi, and in Ci, then the theory simplifies to that of continued 
fractions with unity for numerator at each new stage, as in (l), and to 
corresponding generalizations (r 2). This serves to explain the raison 
d'itre of the above classifications. Such fractions may be generated 
arithmetically or algebraically by the well-known H.C.F. process: that 
of finding the H.C.F. of s numbers, gradationally by means of s sets 



316 


H. W. Turnbull, 


a, b, c, . . . of partial quotients. To find the H.C.F. of 37, 8 and 5 we 
may proceed as follows:— 


[■fl-f ■ 0 Ei-r ■■][!■.] [0 


-[' ■!] 0 ■.] [' i,] [:] 

Here 27 and 8 are divided by 5, quotients appearing in the first square 
matrix (in the third column, because 5 is in the third original position), 
while remainders and divisor appear in the vector column. Next 3 and 
5 are divided by 2, quotients appearing in the first column. Either unit 
may be chosen for third divisor, and the work ends with a vector of (s~ i) 
zeros and a non-zero, the H C.F. 

In this way sets a, b, c are generated by means of three-rowed matrices 
C\AxBi\ and the order of factors—cyclic or otherwise—is determined by 
the choice of divisor at each stage. Thus the above H.C.F, process, 
applied simultaneously to s numbers determines successively columns of 

quotients a, b, c .which give rise to a continuant finite or infinite, 

open or closed, as the case may be. In the terminology of Paley and 
Ursell the leading diagonal elements aj, Ca, bt, ... are "principal 
elements," while each element (essentially non-zero) which terminates a 
column at, ba, Ca, . . . is called a "cofactor of the dot," 


§ 5. Extension of Whittaker’s Theorem, 

Starting from Sylvester’s expression of a continued fraction as the 
quotient of two determinants, Whittaker ’ gave a theorem for the derivative 
f'(x) of a function expressible as a certain continued fraction. This result 
may be generalized in the following way;— 

If f(x) iJ defined as a leading element of a matrix by the relation 

mx), . . .-1 

L . . . J“^+/r A,' 

A = [aq] being a general matrix, each of whose elements is independent 
of X, then f (x) is given by 

. KVA,;) 

(A,Cn -/ . s 

A, ’ ' ’ , ■ ' ^ 

Aa -/ 



where (UA,) denotes the matrix of n rows and (n-l-1) columns formed 
by omitting the top row of the ly-rowed matrix A,, and where (A,U') 
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denotes (n +1) rows and n columns formed by omitting the first column 

o/K. 

The numerator is a determinant of order (in +1), and the denominator 
one of order (2H + 2), which factorize into (-)“*^ In proof of 

this it 18 only necessary to expand the numerator by a Laplace develop¬ 
ment with a partition horizontally just below the row. For example, 
if « = 2 , 



For if Atf denotes the cofactor of the ifi*^ element in the determinant \ A g\ 
then this expansion yields at once 


/ -(AiiAii+AgiAif+ . + AgiAi,^l\ A \*, 
which agrees with the original result* as obtained by squaring the 
reciprocal matrix, ijAg. On replacing A hy M this evidently becomes 
Whittaker’s Theorem on the denvative as it was originally presented. 


§ 6. Compound Continuants. 

Some interesting determinantal theorems may be obtained from 
continuants by the process equivalent to that of condensing continued 
fractions. The procedure may be illustrated by utilizing the notation 

(o)-i, 


for closed continuants containing three diagonals m all. Let Mi be 
called the »■“> compound of Mi and be defined in the following way.— 




-(12) (o) 

(4) -(»34) (a) 

(6) -(4S6) (4) 
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and so on. These matrices are related to one another by the following 
property. If 

P =/(!)"{i>0> P\i Pt! • • •} 

is a column vector which ts annihilated by Mi; thcct is, if 

then for each positive integral value of i the i*** compound continuant Mi 
annihilates the vector 

= Pif Pth • • •}; 


that is. 


bliPui^O. 


In proof of this it is only necessary to write down (2t - i) consecutive 
equations from the array M^Pkw =o, and to eliminate (3* - 2) of the p'i, 
none of whose suffixes is a multiple of 1. Results of such elimination, 
when tabulated, can be made to assume the form A simple 

example is typical. The result of eliminating px and p^ from the second, 
third, and fourth rows of the array Mxpix) =0 is 


fPo ~Pt 

^tPi I 

L/f-A • 


-.1.0. 

04J 


Whence, after expansion by the first column 

( 4 )/o - ( 334 )A+(2) A -= o. 


which is identical with the second row of the matrix equation Mtpit)=^o. 
Or again, the equation 

(s6)/o + (23456)A - (23)/i=o, 


is the result of eliminating Pi, Ai Pt the first five equations of the 
array Mxpix)=o: this leads to the third compound set. Similarly each 
row of each compound is constructed. 

The Heilermann * identity. 


+ il. AA 

1+ *+ 1 + 


Vi 




X+bi+i^ — x+ + ’ 


may be obtained by forming the second compound of a suitably 
chosen continuant Mx- These compound continuants must not, of course, 
be confused with the ordinary compounds of a matrix which involve all, 
and not merely a specially selected set of minors of each order. 

Relations between the minor determinants of these matrices now follow. 
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Thus, if (Mi)r denotes the leading principal minor determinant of r rows 
and columns in the matrix Mt, it is evident from the above theorem that 


Similarly 


A-WrA- 

(s)(4) . . . ^ 


The determinant of the first r rows and columns o/ Mk ir thus equal 
to that of the first kr rows and columns of M^, multtphed by the continued 
product of the first k over-diagonal elements <?/’ Mu, accompanied by the 

For example, 

(123) -(o) I 

(56) (33456) -(23) “(33)(S6)(i234S6789) 

(89) (56789) I 
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XVI.— Studies on the Reproductive System in the Guinea-Pig: 
Variations in the (Estrous Cycle in the Virgin Animal, 
after Parturition, and during Pregnancy. By Thomas 
Nicol, M.B., Ch.B., F.R.C.S.E., Senior Lecturer in Anatomy, 
University of Glasgow. 

(MS received March i6, 1933. Revised MS May 13, 1933. Read June 5, 1933 ) 

In the course of an investigation on the effects of intravitam staining 
with trypan blue on the uterus and ovaries of the guinea-pig at different 
periods of the cestrous cycle* in virgin animals and after parturition, it 
was found necessary to have definite information with regard to possible 
variations in the lengths of the cycles. Stockard and Papanicolaou (1917 
and 1919) reviewed the earlier work on the cestrous cycle in this rodent, 
and introduced the vaginal smear technique by which successive cycles 
could be studied in the living animal. The results of their researches 
seemed to indicate that the non-pregnant female gumea-pig comes into 
"heat” regularly about every sixteen days, and that there are only slight 
time-variations in the periodic rh)^hm of a given female, and that among 
different individuals there is a limited variation in the lengths of the 
cycles. Practically similar results were obtained by Selle (1922), though 
Voss (1927) indicated that his cases did not confirm the very regular 
periodicity. 

My trypan-blue material suggested that perhaps the cestrous rhythm 
of a given female might occasionally vary considerably from what could 
be taken as the normal for that animal, or that among different females 
the cycles might vary in length over a much greater range than observed 
by Stockard and Papanicolaou. It seemed therefore desirable to study 
the variations in this strain of animals, especially as the number of cestrous 
records which had been observed appeared sufficient for a reliable examina¬ 
tion of the cycles. 

The present paper is a study and analysis of 368 cestrous cycles 
recorded from 40 guinea-pigs, of which 36 were virgin animals, and 4 
were females examined from the time of parturition and which had been 
separated from the male before littering. Observations bn 4 pregnant 
animals, 2 of which showed apparent cestrous signs, are also recorded. 

* The terms used in this paper to distinguish the different stages of the cestrous 
cycle are those onginally proposed by Heape, Quart. Joum. Mtcr. Set., vol. xliv, 1900. 
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For tfie 36 virgin females, 328 cycles are recorded, and the consecu¬ 
tive cycles observed for both viigin and postpartum animals vary in 
number from 4 to 14, the average being about 10. Some of the virgins 
were examined from before the onset of sexual maturity. It will be seen 
that these data afford the opportunity of studying the range of variation 
between successive cycles in the same animal as well as between different 
animals, and, as far as I am aware, such a series of consecutive cycles has 
not been hitherto recorded and analysed for the guinea-pig. 

Procedure 

The vagina, as is well known, is normally closed between the oestrous 
periods by what appears to be a thin glossy membrane uniting the anterior 
and posterior lips of the crescent-shaped vaginal orifice. That the 
closure of the vagina is not superficial but due to a solid epithelial cord 
was shown by Kelly and Papanicolaou (1927), who studied the mechanism 
and anatomy of this physiological process. At the time of sexual activity 
or oestrus a temporary opening is established between the vagina and 
the outside, the orifice remaining open for three or four days, then closing 
very tightly, 

Stockard and Papanicolaou (1917) found the period of “heat” or 
oestrus to last about twenty-four hours,* during which the vagina con¬ 
tained an abundant quantity of fluid The microscopic examination of 
smears of the vaginal content showed that the con.stitutional elements 
changed in a definite manner from the beginning to the cessation of the 
oestrous flow, so that the period of oestrus could be divided into four 
stages These shortly stated are: 

Stage I. Mucous secretion. Epithelial cells (cornified). Duration— 
6 to 12 hours. 

Stage II. Vaginal fluid thick and cheesy. Great numbers of epi¬ 
thelial cells (nucleated). Duration—2 to 4 hours. 

Stage III. Fluid thinner. Epithelial cells and polymorphonuclear 
leucocytes. Leucocyte containing cells strikingly typical. Epi¬ 
thelial cells gradually becoming les^ numerous Duration— 

4 to 6 hours. 

Stage IV. Continuation of Stage III. Red cells due to slight haemor¬ 
rhage into uterus and vagina. Duration—i to 2 hours. 

Dioestrus: Leucocytes and atypical epithelial cells. 

* It must be noted, however, that the female is “in heat," strictly speaking, only 
two to three hours usually near end of Stage I and beginning of Stage II (Stockard 
and Papanicolaou; Squier). 
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Ovulation occurs at the end of Stage II, or beginning of Stage III. 

Selle (1922) showed that, as occurs also in the rat. Stage I of Stockard 
and Papanicolaou is preceded by one in which desquamation of the 
epithelial cells of the vagina occurs. This pnmary stage of Selle usually 
occurs while the vagina is still closed. 

I have a number of times tested the serial order of these changes in 
the vaginal content during oestrus, and my observations agree in all 
essentials with these workers. It appears therefore that, since the dura¬ 
tion and senal order of the changes is known, examination of the animals 
once a day will yield sufficiently reliable data on the cycle as a whole. 

The animals in my series were accordingly examined once daily for 
their oestrous condition, always about the same hour, and the observations 
were taken continuously by myself during the months of May to January 
inclusive, except for a fortnight during July, when the observations were 
entrusted to an assistant. When the vagina was open a daily smear of 
the vaginal content was taken almost until the vaginal orifice became 
occluded. In taking the smears the technique of Stockard and Papani¬ 
colaou was followed. Hsematoxylin and eosin were used as stains. 
For each animal examined a chart was made, on which were noted the day 
of examination, the presence or absence of the "vaginal closure mem¬ 
brane"; if the vagina was open and a smear therefore taken, the amount 
of the smear and the nature of its cells were also recorded. Only some of 
the animals were examined daily during the full nine months, though 
all were observed daily for at least several months. 

At oestrus I most commonly found the vagina open for two days 
during which smears could be taken, practically closed on the third day, 
and completely closed on the fourth day, or perhaps not till the fifth day. 
This is m accord with the observations of other workers. The same 
animal, however, may in this respect show slight variations. Although 
most often closed on the fourth day, the vagina may remain open at 
different oestrous periods for three to seven or even nine days. In females 
kept separate from the male from before parturition the vagina was found 
to be completely closed about the fourth day, but at the second oestrous 
period postpartum the vagina may remain open for nine or ten days, 
though the orifice is closed at successive oestrous periods in about four or 
five days. This occurred in one of four animals after parturition. At 
the beginning of sexual maturity the vagina may remain open at about 
the first oestrus for as long as nine or ten days, though at successive 
oestrous periods the orifice in the same female is closed by the "membrane" 
on the fourth day. It is apparent from these facts that no conclusions 
regarding the presence of a state of heat can be arrived at from the 
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opening of the vagina alone, unless the vaginal content is examined 
microscopically. 

During each cycle typically corresponding changes were shown by 
Stockard and Papanicolaou (1917) to be occurring in the vagina, uterus, 
and ovary, a given stage in one of these organs closely accompanying 
parallel stages in the other two. 

The CEstrous Rhythm in the Virgin Animal. 

It has long been known that to maintain the oestrous rhythm the 
animals must be healthy, well fed, and under uniform environmental 
conditions (Allen, 1922). The guinea-pigs in our colony were therefore 
kept in separate spacious boxes, carefully looked after, and feeding was 
at regular intervals. The food consisted of green vegetables, chop and 
hay. Moreover, the breeding-room was well ventilated and the tempera¬ 
ture was thermostatically controlled never to fall below 55° Fahrenheit. 
During the week the temperature was usually about 70° Fahrenheit, 
only perhaps falling to 55® during the week-end. 

Table I records the cycles of thirty-six virgin guinea-pigs examined 
daily for their oestrous conditions. The animals varied from about two 
months to eight months old at the time of the first examination (Table I, 
column 2). The months during which the daily examination was carried 
out arc shown for each animal by crosses in column 6. The lengths of 
the dicestrous cycles arc shown in column 3, and these are calculated from 
the smears as being the length of time from the beginning of one “heat” 
period to the beginning of the next. 

The animals have been divided into four groups: A, 6, C, and D, 
according to age and special characteristics in the cycles which appeared 
to be of significance. Attention will now be drawn to some of the findings 
in these groups, but the main points will be treated later in the discussion. 

Group A .—This group shows the lengths in days of consecutive cycles 
from twelve animals, which when first examined were sexually mature, 
and of ages ranging between four and eight months. The characteristic 
feature of the group is the regularity in the length of successive cycles in 
the same animal. It will be noted that among a long series of practically 
regular cycles an animal {p.g. No. 4) may have one cycle about twice as 
long as the others. In animal No. 10 a series of consecutive 17 to 18-day 
cycles is followed by one cycle of 16 days, then a longer one of 20 days, 
and the cycle becomes again of about 17 days, and in animal No. 12 a 
short cycle of 14 days is followed by eight 17 to 18-day cycles, then one of 
13 days occurs. With regard to the mean length of the cycles for the 
different animals, eleven animals have mean cycles ranging in length 
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roughly between i6 and i8 days, while the remaining animal has a 
regular 24-day cycle. The latter is undoubtedly an unusual case, but it 
may be stated that the vagina in this animal was open only for 3 to 4 days 
every 24 days, when smears of the vaginal content examined microscopi¬ 
cally appeared to show quite definite indications of the state of oestrus. 

The mean length of cycle for this group, which includes 124 cycles, is 
17*18 days, which agrees roughly with the results of other workers. 

Group B .—This group illustrates the irregular oestrous cycle rhythm. 
These females varied in age from six to eight months when first examined 
for their oestrous conditions. They have been arranged so that the 
irregularity observed in the series of cycles for each animal gets progres¬ 
sively worse from animal No. 13 to animal No. 19. In animal No. 15 no 
oestrous period was observed on one oceasion for 42 days, when the vagina 
which had been closed during all this period opened, and a definite smear, 
microscopically examined, indicated a state of oestrus. Graphs were made 
for each animal in this group and compared, and it appeared that some 
animals, such as No. 18, have a totally irregular oestrous rhythm, while 
there is the suggestion in others (eg. No. 15) that the irregularities may be 
separated by a senes of what appear to be normal cycles for that animal. 

In Table I, column 4, the total number of cycles for this group is given 
as 81, the cycle of 42 days belonging to animal No. 15 having been 
omitted as considered an extreme exception. The mean length of the 
cycle for this group is i8-8l days, which is somewhat high, and no doubt 
due to those irregular animals having so many long cycles. 

Group C .—Eleven virgin females examined from about the onset of 
sexual maturity at two to three months old arc included in this group, 
which shows that at puberty the first few cycles may be longer than what 
is shown afterwards to be the normal for a given animal. There appear 
to be all degrees and variations of this. Animals Nos. 29 and 30, for each 
of which five cycles are recorded, show an irregular oestrous rhythm. 
A similar irregularity is shown in the first five periods of animal No. 28, 
and it seems interesting to note that this irregfularity is apparently then 
replaced by four successive cycles of 16 days,* which may be considered the 
normal regular rhythm for this female. The total number of cycles 
examined in this group is 75, and the mean length of the cycle for the 
group is 17*97 days. This rather high result appears to be due to the fact 
that the mean length of cycle for some of the animals (Table I, column $) 
is rather high, no doubt as a result of the unusually long cycles at the 
onset of sexual life. 

* Only three of these 16-day cycles are shown in Table I, but a fourth cycle of 16 
days has since been observed for animal No. 28. 
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Group D .—This group of six females examined from the age of two 
to three months shows that some animals from the onset of sexual maturity 
may maintain a regular cestrous rhythm The last animal in the group 
(No 36) for which 7 cycles are recorded appears to have an irregular 
rh)rthm. In the 47 cycles recorded m this group the mean length is 
17-04 days. 

The Complete Series of Thirty-six Virgin Animals. 

It may first be mentioned that in agreement with Voss (1927) I have 
observed that heat periods may vary m intensity, and that a long dioestrum 
may be followed by a less intense oestrus. 

The mean length of the 327 cycles from the 36 females was found 
to be 17-73 (Tabic I), with a probable error of + 1-82 days One 
could therefore expect to have cycles ranging from roughly 12 days to 
23 days, and those outside this range would be considered exceptional. 

In order to ascertain the relative frequency of cycles of different lengths, 
the 327 cycles recorded were arranged in groups according to the length 
of the cycles. Table II shows this distribution, the top row indicating 
the length of cycle and the bottom row the number of cycles of a given 
length which occurred in the series observed. 

Table II —FatguENry of Cvcits ok Different Length in 
V lROIN Ammais 

Length of diccstrous 

cycle in days, . 10 ii 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 32 

N umber of cycles 

observed . 16 2 i 13 72 99 51 =* >5 ” 5 * 3 * 3 

From the above Table II there was constructed diagram i, which 
shows the frequency curve of this distribution and indicates more clearly 
the relative frequency of the cycles of different length. 

It IS apparent from diagram i that in this senes of 327 cycles from 
36 virgin females the most frequent cycle is one of 17 days, and the next 
most frequent are at 16 and 18 days, the 16-day cycle being more common 
than the 18-day cycle. The frequency curve is not perfectly symmetrical 
since there is a greater tendency for cycles to be longer than the mode of 
17 days, than to be shorter. The cycles can apparently range from 
10 to 26 days and even longer, though these short and long cycles are 
undoubtedly random variations. 

Considerable variation can also be seen between the mean lengths of 
the cycles of all the animals (Table I, column 5) when these are compared 
with each other. This was examined mathematically to find out whether 
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the animals differed significantly from one another. In this connection 
it should be noted that the mean lengths of the cycles for the animals 
might not be strictly comparable in that all the animals were not observed 
during the full nine months. Examination of the differences between 
individual cycles for any one animal, however, showed no significant 
difference between the cycles; hence the mean lengths of the cycles 
(Table I, column s) could be taken as the representative mean cycles of 
the animals, and to these mean cycles tests for significance were applied 
according to the variance method of Fisher (1928). 



It was found that the variation in the mean lengths of the cycles of 
the different animals is not due to chance, but is a "significant" character¬ 
istic for each animal. 

Seasonal Variations .—The data under this head have a general 
biological interest, and as only the records of the virgin animals in my 
series were examined for seasonal variation it seems appropriate to discuss 
this question here. Stockard and Papanicolaou (1917) indicated that the 
length of the oestrous cycle is probably a little shorter during the warm 
time of the year, and a little longer during the cold weather, but admitted 
that the numbers of their cases were small and these slight seasonal 
variations might be more suggestive than demonstrative in importance. 
It therefore seemed desirable to examine the present' larger series of 
cycles for variations due to season. 

Some animals, for example No. i, would appear to show no seasonal 
variation under these environmental conditions, but the irregularities of 
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others make it desirable that the group as a whole should be examined. 
In order to examine for seasonal variations the cycles were first arranged 
in the various months. The rough monthly distribution of the cycles is 
shown in Table I, but as the mean length of cycle for all the animals 
taken as one group is 1773 days, it can be seen that there will be many 
cases in which one cycle is spread over parts of two successive months. 
In fact, there were 118 such cases. Where one cycle fell partly in one 
month and partly in another, the cycle was allotted to the month in which 
the major portion lay. The result of this was that for any one month 
some animals were credited with two cycles and others with one, thus 
giving a bias with regard to length of cycle to the animals with the two 
cycles in that month. There are so many cases of overlapping between 
months, however, that the effect of this bias is small. Since there are not 
complete data for each animal for all the months, and as there is a signi¬ 
ficant difference in the mean lengths of the cycles for the different animals, 
it is not permissible in the usual way to take the total number of days 
occupied by all the cycles m one month, and by dividing by the total 
number of cycles for that month obtain a mean which could be compared 
for seasonal variation with other means similarly obtained for the other 
months. The following procedure was therefore adopted. The mean 
cycle for each animal was subtracted from the individual cycles of that 
animal, and the deviations thus obtained were considered free from the 
effect of the significant difference due to the animals. These deviations 
were then added for the respective months, and each total was divided 
by the number of cycles recorded for that month. The results are shown 
in the following table:— 


Tabli. hi. 

Month. May June July Aug Sept. Oct Nov Dec. Jan 

Mean deviation 

in days -i-oS +0-33 -0*54 -0-06 +0*37 +0-71 H-o-is -o»sa -0*29 

Number of cycles 
observed dunng 

each month .6 9 28 30 47 52 55 57 43 

An examination of these deviations for the various months as given 
in the above Table III shows that in some cases—for example, between 
October and January—there is a difference of one day. This, however, 
is practically accounted for by the fact that during October six animals 
at the beginning of their sexual life were included, and these had un¬ 
usually long cycles. Table III was, however, examined for significance 
in relation to seasonal variation in the same manner as the differences 
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between the animals were examined. The results showed no signihcant 
difference. 

It may, therefore, be said that when a fairly uniformly warm tempera- 
ture is maintained in the breeding-room during the winter months, there 
is no seasonal variation in the length of the sexual cycle in the guinea-pig. 
Moreover, no influence of season was noted with regard to the phases of 
the cycle. 

Discussion and Comparison of Data with Those of 
Other Observers. 

From the present series of 327 cycles it has been again confirmed that 
the guinea-pig most commonly shows a remarkably regular periodicity 
in the length of consecutive cycles in a given female; a series of successive 
cycles may not vary at all, and if so the most common variation between 
any two consecutive cycles is usually one day or perhaps two days. This 
is in agreement with the records of 67 cycles from 26 females recorded by 
Stockard and Papanicolaou (1917) and of in cycles from 20 females 
recorded by Selle (1922)—in these tables the greatest variation between 
two consecutive cycles is two days. 

However, the present animals also show that there exist curious 
instances where a longer or shorter cycle may, for no apparent reason, 
be interpolated among a series of practically regular cycles. Long and 
Evans (1920 and 1922) have also reported curious instances of such longer 
cycles for the rat 

The series also shows that in some cases a period may be missed or 
so feebly expressed that the vagina remains closed. In the mouse Allen 
(1923) records that instead of the rapid recurrence of a second cycle a long 
dioestrous interval may intervene, and at times in such a cycle there may 
be slight indications of oestrus in the smears at the mid-interval, suggesting 
possibly that the failure of the expected heat is only partial. 

Moreover, at the onset of sexual maturity the first one or two cycles 
may be prolonged, then the normal rhythm for the animal is abruptly 
established and maintained. Other animals have apparently a regular 
rhythm from the onset of sexual maturity. Prolongation of the first 
cycles of puberty are also reported for the guinea-pig by Ischii (1920), 
and for the mouse by Allen (1922) and Parkes (1926), and for the rat by 
Long and Evans (1920) and Ischii (1922). 

The present series also shows that certain animals have almost a 
totally irregular rhythm, and this may be seen in some cases from the 
onset of sexual maturity. About one-fourth of the present animals show 
irregularities in their cestrous rhythm, but this is probably rather a high 
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proportion, which would have been considerably less if a larger number of 
animals had been under observation It may be said, however, that the 
animals which showed irregular cycles, whether extreme or otherwise, 
never at any time, so far as could be observed, showed any obvious signs of 
illness or anything which might have been a causal factor related to the 
variations in the lengths of the cycles Irregularities in the oestrous 
rhythm were also observed by Voss (1927) when making a cell-type 
count of the vaginal contents during the dicestrous cycle in eight normal 
female guinea-pigs. One of his animals never had a heat period at all 
during two months, two other animals had no heat period in five and a 
half weeks, another animal showed the following series of irregular cycles— 
15, 20, 13, 18, 18 days, while the other animals did not vary so much. 
Long and Evans (1922) for the rat and Gostimirovid (1931) for the white 
mouse show that in some of the animals there may occur a partially or 
totally irregular oestrous rhythm, and Hartman (1932) for the monkey 
records cases in which hardly two cycles are of the same length. 

Having discussed the rhythm shown by the consecutive cycles in the 
individual animals, the variation in length of cycle without reference to 
any one animal will now be considered 

It has been shown that the most frequent length of cycle recorded in 
my animals is one of about 16 to 18 days, and this is the length of cycle 
usually maintained by an animal with a regular rhythm. This agrees 
fairly accurately with the findings of Stockard and Papanicolaou (1917 
and 1919)—16 days, ranging from 15 to 17 and, m exceptional cases, 18 
days; Selle (1922)—16 days, ranging from 14 to 17 days; Hartmann and 
Olbers (1931)—15-4 days; and Ischii (1920)—15 to 16J days, ranging 
from 14J to 18 days. Other investigators give the length of the cycle as 
being I3i to 19 days, Loeb (1918); 13 to 20 days, Voss (1927); and 10 to 
18 days with an average of about 16 days, Evans and Swezy (1931). The 
previous literature on the length of the oestrous cycle in guinea-pig has been 
summarised by Long and Evans (1922). That my results tend to be 
slightly higher than, for example, those of Stockard and Papanicolaou 
may be due to the strain of animals used. In this connection it is to be 
noted that Allen (1923) for the mouse suggests that a genetic factor may 
be operating partially to determine cycle length Moreover, it has been 
shown for the present animals that some females in a series may show 
differences from one another which have been proved statistically signi¬ 
ficant, and such an unusual example as an animal showing a series of 
consecutive 24-day cycles can occur. It seems interesting to note that in 
the rat Long and Evans (1922) record two cases of spontaneous oestrous 
cycles of 39 days duration. 
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It must be stated that the smears of some of the very short cycles were 
not absolutely typical, but were here recorded as "heat” smears in view 
of the number of epithelial cells, their occurrence in groups, and the 
presence of some leucocyte containing cells, m addition to large numbers 
of leucocytes. Cycles of about 11 days seem rather too short for a true 
heat and ovulation to occur It may be noted, however, that for the 
mouse It has been shown by Parkes (1926 and 1927) and for the guinea-pig 
by Courrier (1928) that the presence of ripe follicles is not indispensable 
to the occurrence of heat; and also for the mouse Allen (1923) states that 
ovulation may occur at one period, but at the next the follicles may fail 
to rupture. Furthermore, it has lieen shown for the guinea-pig by Loeb 
(1911 and 1923) and Papanicolaou (1920) that removal of the corpora 
lutea after an ovulation accelerates the appearance of the next oestrus. 
Practically similar results were obtained in the rabbit by Nielsen (1921), 
and in the cow by Hammond (1927). It might be that influences such as 
these were related to the occurrence of the short cycles recorded for the 
present animals. 

With regard to the occurrence of the very long cycle of 42 days and the 
long periods of ancestrus observed by Voss (1927), it may be noted that 
for the mouse Gostimirovi^ (* 93 i) has recorded cases of very long 
dicestrous intervals, and Parkes (1928) mentions that some animals may 
have apparent absence of any real cycle, this being perhaps correlated with 
interesting abnormalities of the ovary. 

The dicEstrum may be prolonged by underfeeding, Papanicolaou and 
Stockard (1920), and a one-sided diet can prevent heat symptoms for a 
time, as found by Ischii (Loeb, 1923). There does not appear any definite 
evidence that such factors account for the longer cycles in the present 
series of animals. 

Marked variation in the length of cycle from the mode for a given 
animal has now been recorded for a number of animals, including the 
mouse by Allen (1923), Parkes (1928), Zamkof and Rokhlina (1929), 
Gostimirovid (1931); for the rat by Long and Evans (1922), and Ischii 
(1922); for the monkey by Corner (1923), Allen (1927), Hartman (1932); 
for the opossum by Hartman (1923); and for the cow (see Hammond, 1927). 

The Cycle after Parturition. 

The guinea-pig is similar to the rat and mouse in having an immediate 
postpartum oestrous period, but it differs from these two animals according 
to Loeb and Kuramitsu (1921) in that inhibition of oestrus is not found 
during the rest of lactation, the second postpartum oestrus in the guinea- 
pig occurring in about 16 days, t.e. at the normal interval. 
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Four animals from the time of littering are included in this group 
(Table IV). The males had been separated from the females a con¬ 
siderable time before parturition, and the young were allowed to remain 
and be suckled. The examinations were carried out as for the virgin 
animals. 


Table IV —Records of Four Guinea-pigs examined Daily from after 
Parturition for their (Estrous Conditions 


Index Age at ^ , 

No of Partun- , Diceitroua Cycle in Day*. 

Animal. tion 

37 6-8 months 2 17, 22, 18,18, 18, 36, 19, 19,18 

38 7 month* I 26, 19, 16, 18, 34, 17, 17, 17, 16, 18 

39 6 month* 3 20, 20,17,18,17,15, 18,16,17, 17, 17 

40 6-8 month* 3 11,14,22,17,17,17,17,17,19,18 


Total Month Kxamined. 



9 + + + + + + + 

10 + + + + + + + 

11 + + + + +'+ + 

10 + + + -(+ + + 


It can be seen from Table IV that with regard to the first two post¬ 
partum cycles these animals show characteristics which closely resemble 
the young virgin animals at the onset of sexual maturity. It will be 
noted that the first cycle may be of about normal length. On the other 
hand, the first two or three cycles may be longer or shorter than what 
is shown to be the normal for these animals, after which the normal 
rhythm is abruptly established. The later periods of these animals show 
the variations already referred to in the study of the normal virgin animals 
Observations in only four postparturient animals do not provide data 
upon which general conclusions can be based. The examples submitted 
illustrate, however, the fact that in females shown afterwards to have a 
practically regular cestrous rhythm, the first one or two postpartum 
cycles may be irregular, and therefore cannot be relied upon for experi¬ 
mental investigations on the cycle. The data, so far as they go, also 
indicate, as against the statements of Loeb and Kuramitsu, the possibility 
that in some cases lactation does prolong the first postpartum cycles 


The Vaginal Smear during Pregnancy. 

It is stated by Kelly and Papanicolaou (1927) that when the guinea- 
pig is pregnant the vulva remains closed and does not open until parturi¬ 
tion is imminent. 

Four pregnant animals were examined by me daily for cestrous signs, 
as in the case of the virgin animals. The males were removed from the 
females about a week after the daily examination commenced, and the 
females occupied separate boxes. Two of these females were observed 
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daily only during the last 42 days of pregnancy, and in both cases the 
vagina remained closed up to and including the day before parturition. 

The records of the other two pregnant animals are as follows;— 

Antmal No. 43.—Littered 3, 2nd November, Age at parturition 
6 months. Taking 62 days as the average duration of gestation (Squier, 
1932), it may be said that impregnation occurred about the beginning of 
September. This animal was examined daily from 3rd September up 
till day of littering, and therefore during practically the whole period of 
gestation. The vagina was open for about 5 days from 3rd September 
and again from 29th September, and apparently typical vaginal oestrous 
smears were obtained. Assuming that the first of these periods repre¬ 
sented the time when impregnation occurred, vaginal oestrous signs 
returned after about 26 days. Twenty-five days later—that is, about 10 
days before parturition, the vagina again opened, but this time only for 
2 days, and the smear obtained showed what appeared to be vaginal 
oestrous signs of slight intensity. 

Animal No. 44 —Littered i, 9/ioth July. Age at parturition 7 months. 
Impregnation therefore probably occurred about 8th May. This female 
was examined daily from 14th May up till date of littering, and therefore 
during practically the whole of gestation. The vagina was open for 
4 days from 2Sth May and again from 2i8t June, during which apparently 
typical vaginal oestrous smears were obtained at intervals of 17 and 27 
days. In addition, this female discharged a small amount of blood from 
the vagina on 1st June, the vagina being closed the previous and the 
following day. 

These two cases show that the vagina docs not always remain closed 
throughout pregnancy, and also that vaginal oestrous signs may occur 
once or twice during the period of gestation. During the entire duration 
of oestrus, which lasts about 24 hours, it must be remembered that the 
female is actually “in heat,” strictly speaking, for 2 or 3 hours only, and 
it is of course not known whether or not these two pregnant females 
experienced true “heat” and would have accepted the male Ischii 
(1920) observed that there may occasionally be weak indications of heat 
even in the pregnant guinea-pig. For other rodents Nelson (1929) has 
reported the recurrence of oestrous cycles in a pregnant white rat, while 
two instances of copulation during pregnancy havf; been reported by 
Long and Evans (1922), though no evidences of the normal cestrous cycle 
were noted. For the mouse Parkes (1926) stated that in so far as corni- 
fication is a criterion of oestrus, it may be said that oestrus does not occur 
during pregnancy. Recurring menstrual bleedings during pregnancy 
have been recorded in the macaque monkey and chimpanzee (see Hartman, 
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1932, for references). It seems probable that in the gumea-pig* during 
early pregnancy the factors involved in the maintenance of the sexual 
cycle still operate though much dampened down, and this may be related 
to the occasional occurrence at that time of vaginal cestrous signs. 

With regard to the blood in the vagina noted in animal No 44, which 
at that time was about 24 days pregnant, the number of pregnant animals 
examined is too small for any profitable discussion. Suffice it to say that 
this may be possibly the same phenomenon known as the “placental 
sign ’’ in rat and mouse, and even in higher forms, e g. the monkey 
(rat—Long and Evans, 1922; mouse—Parkes, 1926; monkey—Hartman, 

1932)- 


Summary 

1. 368 cycles from 40 animals are recorded and analysed. 

2. The normal variation in a series of consecutive cestrous cycles in 

the guinea-pig is one or perhaps two days. 

3 Curious instances occur of a longer or shorter cycle being inter¬ 

polated among a series of practically uniformly regular cycles 
Occasionally a cycle may be apparently missed, or so feebly 
expressed that the vagina remains closed. 

4 The first cycles at puberty may be prolonged, then the regular 

rhythm for a given animal establishes itself abruptly. Other 
animals have a regular rhythm from the onset of sexual maturity 

5. Some animals have practically a totally irregular rhythm, and this 

may occur in some cases from the onset of sexual maturity. 

6. The animals of a series may show differences from one another in 

respect to mean length of cycles which are statistically significant, 
and such an unusual example as an animal with a regular 24-day 
cycle IS recorded. 

7. In animals which suckle their young the first postpartum cycles 

may be irregular, and then the normal rhythm is established 
abruptly. 

8. The normal cycle is usually one of 16 to 18 days, which agrees 

fairly accurately with the findings of Stockard and Papanicolaou 
(1917) and other workers. 

9. The variations from the mode may, however, be considerable, and 

cycles from 10 to 26 days and longer are recorded. 

10. No seasonal variation is found in the length of cycle when a fairly 
uniformly warm temperature is maintained in the breeding-room. 
* Sre Hartman (1932) for companson with the monkey 
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11. In some animals the vagina may open during pregnancy, and 

apparently definite vaginal ocstrous signs be observed. 

12. Variations are also noted in the time the vagina remains open at 

oestrus, though the usual time is verified as being about 4 days. 

I desire to express my deep sense of obligation to my chief. Professor 
Bryce, F.R.S., for generous encouragement and helpful criticism, and to 
Mr Richard A. Robb, M.Sc., Mathematics Department, University of 
Glasgow, for the statistical analysis of the data. 
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APPENDED NOTE 

(Addendum" Received June 15, 1933 ) 

Since this paper went to press eight further cycles have been recorded 
for the animals which were examined from the onset of sexual maturity, 
and the irregularities shown by animals Nos 27, 28, 29, 30, and 36 have 
now been replaced by regular 16- to 18-day cycles This shows that early 
irregularities usually disappear as age advances. 


(Issued separately August 4. 1933 ) 
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XVII.— The Effect of Consanguineous Parentage upon Metrical 
Characters of the Offspring. By Professor Lancelot 
Hogben, M.A., D.Sc. (From the Department of Social Biology 
in the University of London.) 

(MS. received Apnl 6, 1933 Read July 3, 1933.) 

I. Introduction. 

The theoretical treatment of consanguineous unions in human popula¬ 
tions has been the subject of several publications, notably by Dahlberg 
(1927), by Haldane and Moshinsky (1933), and by the present writer 
(1933). these attention has been directed to the concentration of dis¬ 
crete characters among the offspring of related parents in a community 
mating at random. This communication is a contribution to the more 
general problem of variability which can be expressed m metrical terms 
Its theoretical interest resides in the fact that deductions from the genetical 
theory of inbreeding are open to little, if any, ambiguity, when used as 
an instrument for detecting gene differences whose manifestation is con¬ 
siderably modified by differences of environment prevailing in human 
societies. Two criteria will be examined. The first is the effect of con¬ 
sanguineous parentage upon the correlation of their offspring both when 
autosomal and sex-linked transmission occur. The second is the com¬ 
parison of the variance of a group of individuals with consanguineous 
parents with that of a group of individuals with unrelated parents taken 
from the same social environment. Since first cousin marriages con¬ 
stitute the type of relatively close inbreeding most commonly encountered 
in practice, the inquiry which follows is confined to the treatment of unions 
between first cousins. 

2. Notation Employed. 

The relations given in the ensuing section are based on the matrix 
notation set forth in a previous communication by the writer {pp at.). 
The frequencies with which the various genotypes in a system involving 
an autosomal single gene substitution mate with another is represented by 
the symmetrical product: 

I I m H\ 

o p ql 

r s t\ 
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The contingency table for the frequency of different pairs of parent-child 
is represented by the correlate: 

I /+i»i ^(m + H) + y o I 

I o \("+i) + iP k9+t I 

For sibs produced by such a system of mating, the frequency of all pairs 
is represented by the correlate: 

\I+\m + ^p Ifn + lP itP I 

C/- ittt + ip + + + + 

I A/ ip+y -hP + lf+n 

For marriages between first cousins in a system of random mating when 
transmission is autosomal the frequencies of the respective unions is 
represented by 

P»:k.[E(S,xZh)]». 

This 18 the product 

|i/*(i+3/») i/VO+6/) I 

+ 6 /) + \ipq) \pq\\ ^ 6 q) 

I }p»q» yq*(i+6q) iy*(i+3«r) | 

When transmission is sex linked the mating system is represented by 


Three types of correlates representing the genotypic frequency of pairs of 
sibs with parents represented by the product P' can be treated separately 
according as we take boy pairs, girl pairs, or mixed pairs. 

For boy pairs the correlate is 

|(/+r) + J(»»+j) o 
C j j - o o o 

I o + («+/') 

For girl pairs the correlate is 

1 /+Jw Jw o I 

Im «+r + J(»f+f) ij . 

o jj ^+ij| 
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For mixed pairs the symmetrical correlate (corresponding to a contingency 
table made by double eitry) is 

I / + i»« i(»»+j)+Jr I 

I i(*»+f) + l« / + ir I 

When dealing with sex-linked transmission, four types of cousinship 
may be considered (fig. i):— 

(a) When mothers are sisters (maternal cousins). 

(A) When fathers are brothers (paternal cousins). 

{c) When the mother of the male is the sister of the father of the female 
(mixed cousins, Type “A”). 

{d) When the father of the male is the brother of the mother of the 
female (mixed cousins, Type “B"). 

Fio. I. 



9 x^ 

9 xcJ 

9 x<J 

1 1 

9 9 

1 1 

( 1 

^ i 

1 1 

1 1 

9 (J 

1 1 

1 1 

9 (J 

1 1 

1 1 

9 0" 

1 1 

9 <J 

1 1 

<f 9 

1 1 

9 <? 

(a) Maternal 

( 3 ) Paternal 

(r) Mixed, 

(d) Mixed, 

Cousins. 

Cousins. 

Type“A.» 

Type‘‘B’’ 


The products which represent the marriages of cousins of types (^)’and (</) 
in a system of random mating when transmission is sex linked are identical 
with the product for the system as a whole. 

For all types of cousinship, in the proportions in which they occur 
when mating is random, taken together 

P'-[E'(S,xZb)3* 

or 

1 ^( 27 /+ 5 ) " 0 ( 54 ^+ 5 ; ’iiPf* 

HP ‘9 ^( 5 W + S) ~{ 27 g + s) 

For maternal cousins ( 6 ) the mating system is given by 
.>'[E'(S.)«Xo(Zh)]* 

^*( 5 ^+ 3 ) jUop + 3 ) Ipg' 

\P*9 ^(.^og+3) ^(sp + 3) 

P.II.S.E.—VOL. Ull, 1932-33. part III. 16 
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For mixed cousins, Type “A," the mating system is 
;'{o[E(S,)o x«(Za)] X [E„(S,) x (Zk)o]o} 

4 4 

l/V + 7(3?+ 1) 

4 4 

A correlation table corresponding to a correlate of any kind may be 
represented 

o h I 

o L M N 

// 0 P Q 

I R S T 

In such a table L, M, N, etc., have the same values as terms m the corre¬ 
sponding locus of the correlate-matrix The unit of measurement is the 
difference between the genotypes R and D The origin is the repre¬ 
sentative measurement of R, and A is a fraction greater than a half and 
less than one corresponding to the measurement of the genotype H. If 
the table is symmetrical (te. M = 0 , N = R, and Q = S), the value of r is 
then 

P>i* + 2Q>l+T-»i» 

>i*(M+P + Q) + (N+Q + T)-w*' 

In this formula m, the mean of the population, is 
yi(M+P + Q) + N + Q+T. 

For calculating the variance ratio as defined below (§ 4), the P-matrices 
representing the genotypic frequencies of the mating systems given in 
the preceding directions are necessary. For autosomal gene substitutions 
these are; 


(a) General population. (b) Offspnng of cousin marriages. 








Ze* 


2pq 

Zo- 





q' 


^^(1 + 16?) 
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For sex-linked gene substitutions the relevant P-matnces are as follows:— 


(a) General popu¬ 
lation, or offspring 
of paternal cousins 
and mixed cousins, 
Type “B ” 


(i) Offsprmg of 
all types of 
cousin marriage 


(<•) Offspring of 
maternal 
< ousins 


(rf) Offspring of 
mixed cousins. 
Type “A ” 


p 


|-(S + S 9 /) / 


^(3 + i.V>) Z 


^(« + 7 Z) Z 

zpq 0 


V/Zi' 0 


\'pg 0 


iZi' 0 

q* q 


^(s + sw) V 


,^^(3 +Mi') g 

i 

^(1 + 7?) g 


3 Correlations of Ohspring oe Consanoitneous Unions 
The ensuing analysis being based upon the matrix notation of the 
preceding section holds good on two assumptions, viz that mating occurs 
at random in the population as a whole, and that the sex ratio is unity 
For single autosomal gene substitutions the correlation between parent and 
child as well as between sibs will be given For single sex-linked gene sub¬ 
stitutions the correlations for sisters and mixed sibs (double entry) will be 
given for (a) offspring of all types of cousinship taken together, {b) offspring 
of maternal cousins, and (r) offspring of mixed cousins, 'lype “A ’’ For 
male pairs, when transmission is sex linked the contingency table is 
always the same as that calculated on the assumption that all matings 
occur with the same frequency as in the population at large. Likewise 
correlations calculated on the assumption that transmission is sex linked 
for sisters and mixed sibs whose parents arc paternal cousins and mixed 
cousins of Type “ B ” do not differ from those of sisters and mixed sibs of 
parents taken at random. 


(fl) Parent-child relation {autosomal case) 


The table is: 

R 

R f’(7/n-0 
H ^28/+ 1) 
D o 


H D 

^(28/+ 0 o 

^(28?+1) 

^28?-ti) ^7? + 0 
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The value of r is: 

64{4 /(i 64 + a8^ + i) +14^* + a y} - q\(i2hp + 319 + 1]* 

Z 2 { 62 h*p + 3iq-\-i)-g\f>2hp + iiq + i\' 

WhenA = i, 

r-T9,-o-55. 

When dominance is complete (*.<. h = i) and p = \=^q, 

'•=iVii“0 39- 

(fi) Fraternal relation {autosomal case). 

The table is: 

R 

^ ^('2/»* + 32 /* + I 9 / + i) 

H ^(12/*+1(^ + 0 

D + 

The value of r is: 

\6ph{ 15^ + 1 2pqh +1 ay* + i6y +1}+48^* +1 a8y* + 76^ + 4 - qjsoph -t-i + 0* 
i 6 ( 30 />A* + i5f+ i)-f(3q^A + iSf + 0* 

When A = l, 

r-,1V-: 0-53. 

When dominance is complete (i.e. h = l) and / = }—y, 
r-Jfjt-o-44 

When transmission is autosomal the correlations between parent and 
child and between brethren for first-cousin unions and unions in general 
are collected in Table I. 


^(I2>*+i6/+1) 




^I2y*+l6y + l) ^(12?*+32?* +19?+ 0 


Parent-child 
Fraternal . 


Table I —Autosomal Case. 


Genotypic (A — j^). Somatic {A = I and P=i=t). 


Offspnng 

Offspring 

Offspnng 

Offspnng 

of First 

of Unrelated 

of First 

of Unrclatei 

Cousins 

Parents. 

Cousins 

Parents. 

0-55 

0-50 

0*39 ■ 

0-33 

0-S3 

0-50 

0-44 

0-42 


The fraternal correlations for offspring of first cousins when trans¬ 
mission is sex linked will now he given. The first two tables for sisters 
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and mixed sibs whose parents are first cousins of any type are based on 
the assumption that the several types occur in such proportions as would 
exist in a pure system of random mating. 


(t) Sibs whose parents are first cousins of all types (sex-ltnked case). 
(i) Sisters. 

The table is: 

R H D 

^ t^(S 4 >* + 69 > + 5 ) ^< 54 /+ S) o 


H ^(S4/» + S) 
D o 


\np 9 1^^S4? + 5) 

^(54^ + 5) ■;|8(54?'+69? + 5) 


The value of r is: 


32 (i'!ah*p + io8hpg + iohp + S 49* + 69 ^+ 5 )+ + 5 )* 

64(1 iSh*p + 59f + 5) -V(i > 8 ^/ + 594^ + S)* 


When h=l 


or 0*77. 


When dominance is complete (te. h = i) and p = i=g, 


'“AWs or 068. 

(11) Mixed sibs. 

The table is: 

R H 

^ ll 8 ^ 54 >>* + 69 / + 5 ) 027/+ 16) 

H 0(27/+ 16) o 

D 0 0 ( 27^4 .6) 


4 

0(27?+ 16) 
7f8(S4?* + 69? + 5) 


The value of r is: 

128(108^/^+64^/ + 54y* + 69^ + 5) - y(2 28^/ + 59? + 69) * 
128(1 i8A*/ + 59?+69) - ?(i iSA/ + S9f + 69)* 

When A = i, 


When dominance is complete (i.e. h = l) and P = \=^, 


r-mii-o-as. 
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(d) Offspring of maternal cousins (sex-ltnked case). 

(i) Sisters. 


The table is: 


R 

H 

D 

R ^(i<¥>'+i 9 >+ 3 ) 

jffop + 3) 

0 

H ^(io?J + 3 ) 


jf^oq + 3) 

D 0 

^(«o?+J) 

J(icv*+ 19 ^ + 3 ) 

The value of r is: 

8(36^*/ + iohpq + fikp + 10^*+ 19^ +3)- 

f(26A/ + i3^ + 3)* 

16(26^*/+ *3? + 3) - ^(26^/+13? + 3)* 

When A = i, 

r'“lli=o- 79 - 


When dominance is complete {i.e h~\) and p 

= i=?. 


r-IH»o- 7 o 


(11) Mixed sibs. 

The table is: 



R 

H 

D 

R ^Uop* + t9fi+3) 


ts 

4 

H ®( 4 *S/) 

0 

fj(4 + 5?) 

D a 

^(4 + 5 ?) 

^(io<i*+ 19 ? + 3 ) 

The value of r is: 



+ iohpq + log* + iQf + 3) - gjifihp + iM + 19)* 

32(26^*/ + i3f +19) - f(26Ap + 135^ + 19)* 

When A = i, 

r-Jj or o '43 

When dominance is complete {t.e. h = i) and ^ = 
or 0*32 

(e) Offspring of unions of which the male parent is the husband of his 


mother's brother's daughter 

[sex-ltnked case). 


(1) Sisters. 



The table is: 



R 

H 

D 

R 7 ^( 6 /**+9/+ 1 ) ^(^+0 

0 

H fj( 6 /» + i) 

Ipg 


D 0 


^ 6 y* + 9 f + l) 
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The value of r is: 

4 (ao^*/ +1 -I- + 6y* + 9y +1) - q{i^hp + 7y +1)» 

8 ( 14 **/+ 7 ? + 0 - + 1 )* 

When A=i, 

y“i or o’78. 

When dominance is complete {i.e. h = i) and^=|=7, 
or 0-69. 

(ii) Mixed sibs. 

The table is: 

R H D 

R ^( 6 /*+g 7 » + i) 

H ^( 3 i» + 2) 

D * 

The value of r is: 




^37 + 3 ) 


^( 3 ^ + 3 ) 


When h = \, 


i6( iaA/^ + 8^/+6^»+9y + i)- y(i4^/ + 7y + ^ 

i6(i 4AV» + 7f + 9 ) - f (»4^> + 7? + 9 )* 


r =■ t or o’4o. 

When dominance is complete (i.e. h = i) and P = \=(J, 
or 0-28. 

All the foregoing results, calculated on the assumption that trans¬ 
mission is sex-linked, are summarised m Table II. 


A Sister’s 

All types of cousinship 
Maternal cousins 
Mixed cousins, Type “A” 

B. Mixed sibs 
All types of cousinship 
Maternal cousins 
Mixed cousins. Type “A” 


Table II —Sex-linked Case 
Genotypic = 

Offspring Offspring 
of First of Unrelated 
Cousins Parents 

. .. 0-75 

. o 77 
0-79 
. 078 


Somatic (A = i and/=^=^} 

Offspring Offspnng 
of First of Unrelated 
Cousins. Parents. 



070 

0-69 


0-38 

0-43 


0'2S 

0-32 

0-28 


The noteworthy feature which emerges from this table is that the effect 
of first-cousin percentage is sufficient to raise the genotypic correlation 



248 Lancelot Hogben, The Effect of Consanguineous 

for mixed sibs, whose parents are maternal cousins, by about 30 per cent, 
when transmission is sex linked. On the supposition that transmission 
is autosomal, the fraternal genotypic correlation is only raised by about 
6 per cent when the parents are first cousins. 

4. The Variance Ratio. 

The Variance Eatio, which will now be dealt with, is defined as the 
ratio of the variance (mean square deviation) of the offspring of first-cousin 
marriages within a system of random mating to the variance of the 
offspring of unrelated parents within the same system of mating. Its 
value depends upon the frequency and number of the genes which con¬ 
tribute to the observed variance, and also upon the degree of dominance 
which each gene exhibits m the simplex state 

(a) Autosomal Genes —The most general case which will be dealt 
with IS a multiple factor system of n gene substitutions, the frequency of 
each recessive gene being identical, and the representative measurements 
due to each gene substitution being the same. The frequency of all 
genotypes having the rth recessive gene in duplex is denoted the 
frequency of all genotypes with the same gene in the simplex state and 
the frequency of all genotypes in which the rth recessive gene is absent a,. 
The frequency of all possible genotypes • is given by the successive terms 
of the trinomial • 

If we make the unit of measurement the difference between the »-fold 
dominant and the «-fold recessive, the representative measurement of any 
genotype w'ith the class frequency is denoted 

i(M+r). 

In this expression h is the measurement of the «-fold heterozygous class. 
The variance of such a population is easily shown to be 

The variance ratio, as defined above, is evidently independent of n under 
the restrictions subject to which this formula is derived. In a system of 
random mating the genotypic proportions of unrelated marriages will not 
differ appreciably from the genotypic proportions in the population as a 
whole. Thus for offspring of cousins x is tVC^ + and for offspring 
of unrelated parents x is p' when transmission is autosomal. Hence the 
variance ratio is 

* Since x,=x»=x, . . . etc., by definition. 
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V ^ - ^SP 9 ) + (^ + J5y)( i sy - 6o/ty + 16 ) 

* 2se{2hHi-2pq)-g{j^/iq-q-i)} 

When there is no dominance A is ^ and V is independent of p and q, 
having the numerical value |jr. 

The values of V, are given for different values of h and of p below: 


p- 

4 - 0 ‘S. 

4 - 0 * 6 . 

4=0*7 

4 = 08 

4-0*9 

4 = 1 

o'S 

1*062 

1*061 

i*os8 

1*052 

1*046 

1*04 

©•I 

i‘o6a 

I-I33 

i-> 9 S 

1*322 

1*476 

i-SS 

o-oi 

1-062 

113* 

1*273 

1*647 

3-057 

7*18 

0‘OOI 

1*062 

1133 

1*284 

1*711 

3*921 

63-43 


(b) Sex-ltnked Genes. —In this case the variance ratio of male offspring 
of all first-cousin unions, or female offspring of paternal cousins, and of 
mixed cousins. Type "B,” is always unity The variance ratios for 
female offspring will be treated under the same three headings as the 
correlations for sisters and mixed sibs, viz (1) all types of first-cousin 
parents, (ii) parents maternal cousins, (in) parents mixed cousins. Type 
"A.” The reasoning of the previous section applies equally. 

(1) The variance ratio for offspring of all types of first cousins, when 
transmission is sex linked, is given by 

V = - S 9 Pf) - (5 + 59 y)(a.t 6 ^y- 5 t y- 64 ) 

* 4096{24*(i - 2Pq) -q(4hq-q- 1 )} 

When h — \, this becomes fj or i ’oS. 

The values of V are given m tabular form for different values of 4 
and p below: 


P- 

4 = 0*5. 

4 = 0*6. 

4-07. 

4 = 0*8. 

4 = 0*9. 

4 = 1*0. 

o-S 

1*08 

1*08 

1*07 

1*065 

1 06 

105 

0*1 

1*08 

1*14 

1*26 

1*40 

1-59 

1*69 

0*01 

1*08 

1*16 

1-34 

1*81 

3-58 

8 73 

0*001 

1*08 

1*17 

1-35 

1*89 

4-55 

79*04 


(ii) The variance ratio for female offspnng of maternal cousins when 
transmission is sex linked is 

V 5 a4»(8 - i3Pq) - (3 + i3q)(5^hq - - t6 ) 

* 2 s 6 { 2 h*(i- 2 Pf)-q( 4 *q-q-i)} 

When h = \, this becomes 5 ^ or 1-19 

The values of V* are given in tabular form for different values of h 


and p below: 

p. 4 -0‘S. 4-0‘6. 4 =“0‘7. 4 -o‘ 8 . 4 - 0-9. 4 = i‘o. 

0‘S 1-19 i‘i8 i‘i7 r'iS *•13 

0‘i i‘i9 i‘34 i‘S9 1‘96 3‘42 2-64 

0‘0i 1-19 i‘39 1-82 2‘93 7‘is 19-5 

0*001 1*19 i‘40 i‘8s 3-13 9‘74 i88‘28 


2SO Lancelot Hogben, The Effect of Comangutneous 

(iii) For female offspring whose parents are first cousins of the mixed 
Type “A," when transmission is sex linked, the variance ratio is given 
by: 

a8A«(4 - y/g) - (i + -iq- 9 >) 

* ” 64{2A*(i - 2pq)-qiAhq-q - i)} 

When A = i, this becomes or 1-125 

The values of V4 are given in tabular form for different values of h 
and p below: 

p, A-0-5. A-0-6. A-0-7 A-0-8. ^-0-9. A-i-o. 

0-5 1-125 i‘i2 1-11 1-10 1-09 i-o8 

0-1 1-125 *‘39 1 ‘ 9 S 

o-oi 1-125 i’26 1-55 S i 3’4 

0-001 1-125 1-26 1-57 2-42 6-83 125-86 

The most striking fact which emerges from the consideration of the 
variance ratio is that, in all cases discussed above, its value diverges very 
slowly with increasing rarity of the recessive gene even when its allelo¬ 
morph displays a fairly high degree of dominance. It diverges rapidly 
when dominance is complete or nearly complete. At any given low fre¬ 
quency of the recessive gene the variance ratio diverges comparatively 
little for different degrees of dominance, so long as h does not exceed 0-9. 
Between A =0-9 and ro it diverges rapidly. 

5. Summary. 

(1) First-cousin parentage does not raise the fraternal correlation 
when transmission is autosomal to an extent which would be recognisable 
unless a very large sample of sibs whose parents are first cousins and a 
similar control group of sibs with unrelated parents is available. 

(2) On the other hand, the correlation for mixed sibs whose mothers 
are sisters is appreciably higher than that for sibs of unrelated parents, 
when transmission is sex linked. 

(3) The variance of offspring of first-cousin unions is very large 
compared with that of offspring of unrelated parents, when (a) the fre¬ 
quency of the recessive genes which contribute to the observed variability 
is low, (A) and the degree of dominance is very high. 

Acknowledgment is made to Miss Pearl Moshmsky, B.Sc., and to 
Mrs Nada Roberts, M Sc, for invaluable assistance in checking the 
calculations in this communication 
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XVIII.— The Faecal Pellets of Hippa asiatica. By Hilary B. 
Moore, Ph.D. Communicated by Professor J. GRAHAM Kerr, 
F.RS 


(MS. received May 15, 1933 Read July 3, 1933 ) 

In a recent paper on the fecal pellets of the Anomura,* pellets were 
described from a series of Galatheidea, Paguridea and Thalassinidea, 
but at that time no Hippidea were available. Since then, through 
Professor J. H. Orton, I have obtained specimens of Htppa asiatica from 
Madras and have prepared sections of their pellets. As the latter form 
an interesting addition to the senes of curious pellets, apparently peculiar 
to the Anomura, a special description of their structure seems to be 
justified 

Eight individuals were examined, having a carapace length of about 
3 centimetres They had been preserved in alcohol, and their guts were 



full and in fairly good condition. Portions of the gut were removed 
and sectioned, this method in other Anomura having been found to give 
samples of the feces in good condition. Although double embedded 
in collodion and paraffin wax, the material proved very difficult to cut, 
and the photograph shown is not of a thin section, but of the cut end 

* Moore, H. B , 1932 “The Faecal Pellets of the Anomura," Proc. Roy. Soc. 
Edtn , vol Ill, pt. Ill, No. 14. 
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Tht Fatal PelUts of Hippa asiatica. 

of an embedded pellet. Although incomplete on the right-hand side, 
the photograph in question (fig. A) was chosen because of the clearness 
with which it shows all the structures described. The diagram (fig. B) was 
prepared from drawings of a number of pellets. 

The pellets are cylindrical in shape, with an average diameter of about 
I’S mm. In transverse section they show an outer layer of fine-grade 
material about o-2 mm. in thickness. This is of uniform thickness 
throughout except for an intruded wedge at one point, and for two pairs 
of slightly thickened ridges at the opposite side, the inner pair being 
the wider. The orientation of the pellet in the gut of the animal has not 
been determined, but an examination of the stomach shows that one of 
these structures will be dorsal and the other ventral. 

Within the outer layer there is, on either side, a curved strip of material 
of the same fine composition, reaching almost to the wedge below, and 
to the beginning of the inner pair of ridges above. The outer side of these 
strips is divided only by a narrow crack from the inner wall of the outer 
case, except where the outer surface of the strip is indented at regular 
intervals by a series of about eight or nine longitudinal canals, semicircular 
in section. In the photograph the strip on the right-hand side has been 
damaged, but that on the left clearly shows these canals. The inner surface 
of the strip is more or less smooth, and is sharply marked off from the 
central area of the pellet which is composed of much coarser grade material, 
and often contains comparatively large fragments of shell and sand. 

Comparison of this pellet with those found in other Anomura brings 
out several points of interest. The presence of longitudinal canals is 
common to all the deposit or detritus-eatmg Anomura which have so 
far been described Further, their arrangement in an arc on either side 
is comparable with the outer arc of the Galatheidea, and with the outer 
ring of some of the Thalassinidea. But there are two striking differcn.'cs 
between the pellets of Hippa and those of the rest of the Anomura. In 
the first place the coarse material forms only about 25 per cent, of the 
pellet in Hippa. In Galathea squamifera it forms about 80 per cent., 
and even more in the other Galatheidea examined; while in the 
Thalassinidea the entire pellet is composed of what appears to be homo¬ 
logous with the coarse region of the Galatheidea. In the second place, 
in the Galatheidea and Thalassinidea the longitudinal canals are all 
situated in the coarse material, the fine material, when present, being 
structureless. In Hippa it is the fine material of the lateral strips which 
contains the longitudinal canals. 

Very little is known of the processes taking place in the Anomuran 
stomach, but it has been shown, lot. at., that the canals in the pellets are 
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produced by the flowing of semi-liquid food material round hair-covered 
longitudinal projections of the stomach wall, and by the withdrawal 
of these from the food mass as it passes backwards along the gut. The 
process is accompanied by withdrawal of water from the food mass, 
so that material which was at first liquid enough to flow round the 
stomach processes, leaves them in a sufficiently solid condition to retain 
their impress. If these projections of the stomach wall, and the canals 
which they produce, are instrumental in withdrawing water from the 
food mass, it is possible that the process is one of removal of liquefied 
food produced by the admixture of digestive fluid with the food mass 
in order to pass this to the hepato-pancreas. It is significant that the 
drainage canals in each group of the Anomura are found to infiltrate 
that area of the pellet in which is situated the particular grade of food 
material which forms the major part of the diet of the animal in question. 


(Issued separately September i, 1933 ) 
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XIX.— The Diffusion Coefficients of Bromine-Argon, Bromine- 
Methane, Bromine-Hydrogen Chloride, Bromine-Nitrous 
Oxide. By John E. Mackenzie, D Sr , and Harry W. 
Melville, Ph D. 

(M.S rt«i\<tl June 19, 1931 Read jul> 193^) 

In a previous communication (Proc Roy Soc. Edtn , vol In, 1932, 
p. 337) a visual method of measuring the diffusion (oeflficicnts of Br,. H*, 
Brj : N,, Br* : Oj, and Br^ : CO* was described. The investigation has 
been extended to include similar measurements for bromine diffusing 
into argon, nitrous oxide, methane, and hydrogen chloride Preliminary 
experiments in which a photoelectric cell replaces the human eye have also 
been made and confirmatory results have been obtained 

Experimental 

The apparatus (cj. fig i, loc cit , p, 339) previously used was modified 
by sealing on to the upper end of the diffusion tube a T-tube provided with 
two glass taps m place of the rubber stopper and glass tap. I'his arrange¬ 
ment allowed of the diffusion tube being alternately evacuated and filled 
with gas (argon, methane, etc ) The repetition of the process two or three 
times ensured the gas in the tube being free from air. 

The procedure was also modified in that after the diffusion tube had 
been filled with gas, a small gas-wash bottle containing just enough con¬ 
centrated sulphuric acid to cover the end of the outlet tube was attached 
to one limb of the T-tube. The pressure exerted by the bromine and later 
by the bromine vapour was relieved by gas escaping through the sulphuric 
acid and the diffusion went on at atmospheric pressure. Thus the calcula¬ 
tion of the mean value of the pressure of the bromine vapour as required 
in the earlier experiments {Joe. cit., p. 342) became unnecessary. 

The argon and nitrous oxide were obtained from the British Oxygen 
Company and from Elliot & Company. The argon was stated to con¬ 
tain from O'S to i per cent, of nitrogen and the nitrous oxide to have 
not more than 0*2 per cent, impurity. Methane was prepared by the 
sodium acetate-soda lime method. It was collected over water and 
purified by repeatedly passing it through concentrated sulphuric acid, 
bromine, and potassium hydroxide solution to free it from unsaturated 
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hydrocarbons, carbon dioxide, etc. Water vapour was removed by 
phosphorus pentoxide. 

Hydrogen chloride was generated in a Kipp’s apparatus from ammon¬ 
ium chloride and sulphuric acid and dried by concentrated sulphuric acid 
and phosphorus pentoxide. The gas was passed into and through the 
diffusion tube until on issuing from the tube it showed complete absorption 
by water. 

Visual Method. 

In Table I and in fig. i the complete results are given for a few typical 
experiments. The calculation of the diffusion coefficient was carried out 



Fio. I. 


as before (Joe at) and the results are given m Table II. Two experi¬ 
ments with CO, and with H, are also included for comparison with those 
in the first paper These experiments were made by different observers, 
and It will be noticed that the results agree very well with those obtained 
previously. A comparison of the rates of diffusion of bromine into nitrous 
oxide and into carbon dioxide was also made, but no difference could be 
detected. This is to be expected, as the diffusion coefficients are almost 
identical, DBr,-N,o=0'iio and DBr,-co,=0'io7. The calculated values of 
D are again all consistently higher than the observed figures. 

Photoelectric Method. 

It was thought necessary, therefore, in spite of the concordance of 
these results, to obtain independent confirmation by another method. 
Experiments were performed in which a photoelectric cell was employed 
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to measure the concentration of bromine vapour. Fig. 2 presents a plan 
and elevation of the apparatus adjoining the diffusion tube, and fig. 3 is 
a diagram of the electric circuit. 

The diffusion tube (D) used in the above experiments was attached to 
a system of pulleys and gear wheels to permit of its being moved verti¬ 
cally. The photoelectric cell (C), slits (S^ and 
S,), and source of illumination (L) were mounted 
on a fixed platform (F), through which the 
diffusion tube could be raised or lowered. The 
widths of Sj and S, were respectively 0*5 and 
1*5 mm. A helium-filled potassium cell proved 
to be most suitable, as it is sensitive to the 
light absorbed by bromine. The photoelectric 
current was amplified by a valve (V) (Osram 
L 210). In the anode circuit there was a sen¬ 
sitive milliammcter (G), connected in parallel 
with a potentiometer system to balance out the anode current when the cell 
was not illuminated. If the valve is worked on the straight portion of 
the anode current/grid volts curve 
without running into grid current, 
and if the photoelectric current in 
the cell is proportional to the in¬ 
tensity of the light falling upon it, 
the reading of the milliammeter 
will be directly proportional to the 
intensity of illumination. In the 
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present case these conditions were maintained as nearly as possible. 

The results were calculated in the following way:— 

Let Iq and I be the intensities of the emergent beam from the empty 
tube and from the tube containing bromine vapour at a pressure /, then 

.(I) 

where is a constant depending only on the extinction coefficient of Br^ 
and on the dimensions of the tube. When the deflection of the anode 
milliammeter is proportional to the intensity of the light entering the cell, 

.(a) 


where 1 = current at Br, pressure p. 

<•= „ „ „ ml. 

Now 

/«/,//,-**/aD/,.(3) 

where and Pt are the pressures of Br, at the surface of the liquid bromine 
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and at a height x cm. above it, after t sec. If the corresponding currents 
are I'l and 1,, then combining equations (2) and (3) 



Table III gives the results for Br,-CO, 


Tablk III 
Temp 20“ C 


Height of Slit 
above Liquid 
Bromine (cm ). 

Time of 
Diffusion 
(min ) 


»!• »* D,„ 

336 

30 

1 030 

0‘08o 

I 223 0083 

33-6 

23 

fl90 

0080 

I 225 0-084 

i8-6 

34 

0470 

0080 

I 200 0080 

33-6 

36 

0700 

o-oSo 

1 200 o-o8i 


The values of fairly well with those obtained by the visual 

method {ef. Table II). Further detailed results have not been given as 
these experiments are intended only to verify the previous results. It is 
hoped, however, by making a number of improvements in the photo¬ 
electric cell apparatus and in the accurate thermostating of the diffusion 
tube, to study in detail the variation of D with the composition of the 
mixture and with the total pressure. 

The authors thank Messrs Brockie, Wood, Gray, and Thompson for 
assistance in some of the experiments. 

Summary. 

The diffusion coefficient of Br,-A, Br^-CHi, Br,-HCl, and Br,-N ,0 
have been determined by a visual method. 

Preliminary experiments, in which photoelectric measurements replace 
those made visually, are described. The results thus obtained confirm those 
got by the visual method 


{Issued separately September 1, 1933.) 
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XX.— On the Theory of Statistical Regression. By M. S. 
Bartlett, B.A., B.Sc. (Queens’ College, Cambridge). Communi¬ 
cated by J. WiSHART, M.A., D Sc. 

(MS received May 12, 1933. Read June 5, 1933 ) 

I. The product moment distribution in the general case of p normal 
variates, obtained in 1928 (1), and again in 1933 (a), has been awaiting 
further analysis. Some indication has already been given (Wishart, 
1928) that new results might be expected from it; in the particular case 
of two variates obtained previously by Fisher (3), it has been used to 
deduce the distributions of the correlation coefficient (3), co-variance (4), 
and regression coefficient (5). In the general case, it has been used by 
Wilks (6) to furnish a proof of Fisher’s distribution of the multiple correla¬ 
tion coefficient (7), and also in connection with his idea of a generalized 
variance (8) Further analysis appears to be most fruitful in studying 
statistical regression in general. It is shown in Part I of this paper that 
the product moment distribution can be split up into a chain of independent 
factors. Most of the known distributions related to regression or partial 
correlation are simply obtained, in a manner which clearly indicates the 
relations they bear to one another; the distribution of a partial regression 
coefficient of any order is also readily derived. 

In Part II it is pointed out that the assumption of a normal system is 
not altogether necessary for some of the distributions to hold. A distri¬ 
bution which may be regarded as a further generalization of the product 
moment distribution, being the generalized partial product moment dis¬ 
tribution, is obtained ab imho, in order to show what are the minimum 
assumptions about normality necessary for the various distributions 
obtained in I 

A note should be made here on the notation used. This follows 
Yule (9) with regard to the symbols for partial correlations, partial variates, 
etc. Further, the convention that Greek and English letters are to be 
used for true and estimated values respectively is employed as far as 
possible not only for parameters but also for variates. Thus if ^ denotes 
the value of a variate measured from its true mean, the estimate of f 
given by f (where 2, unless otherwise specified, will always denote 

summation over the n observations in a sample) will be denoted provi¬ 
sionally by X (usually this has been called x-X). We may write further, 
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for interdependent variates assuming the regressions to be 

linear, 

where Pn is the true simple regression coefficient of on ii, ) 9 si-i the 
true partial regression coefficient of on for constant (i, etc. Similarly 

^a-si“*s -^aa i-x’s -^ai a^i. 
where ig, 1, etc., arc the corresponding estimated regression coefficients 
from the sample. 

The product sums c^^ obtained from the sample are defined by the 


equation 

r,.-2(x,x.), . . . 

. . (I) 

and correspondingly we write 


. . . 

. . (a) 


As an extension of this notation, we write further 
etc. 


I. An Analysis of the Product Moment Distribution. 

2. The distribution of p normal variates will be written 

... (3) 


where A(f, f) is the positive definite quadratic form of the f,,, with matnx 
As(aJ = (iA,.,/<7|»<7,A), A being the determinant of correlations p,.,, 
and A,., the co-factor of in A. The determinant of A is | A |. 
Similarly we write C=(f„,), | C | = 1 | 

The distribution of product moments is more conveniently for the 
present purpose regarded as a distribution of product sums c,*,. It has 
been shown to be independent of the distribution of the means, and the 
complete distribution may be written 

.... (4) 

where — and 
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We write the distribution (5) V « -1) to show that one degree of 
freedom has been lost by using the variates in place of the distribu¬ 
tion of being given by V^y^„ «). 

The complete distribution (4), obtained originally (x) by geometrical 
methods, has recently been obtained by another method (a), as the result 
of a certain multiple integral. The fact that this integral was evaluated 
(XO) as a repeated integral has suggested that can be split up into 

a product of independent distributions This analysis of ($) is carried 
out in the case of two and three variates, and in the general case of p 
variates. 

3. Two Variates .—In the case of two variates, we have 



1 /'ll Wu . '1, \ 

Change the variates c^, <r,„ to new variates f,i, where 

since 


and 


Then 

"s l"V/'u(^tl“^ll)- 

and 

i<f«fi “drjirffjjd/n/V^u. 

* ^ ^ /'ll , - ^iiJPi)* 


(i-p*,)V aj* 


( 6 ) 


where o,, is the standard deviation of Hence 


n-i) 


(...Vi-.rtc- .)J| 




We thus obtain the following results. 

(i) has been split up into three independent distributions. 

The particular function «i.i=is normally distributed with 
standard deviation Further, while is distributed like yu, but with 
one less degree of freedom (see, for example (2), p. 4), is distributed 
like y„ i, but with two less degrees of freedom. We may in fact consider 

V,(r«.i,«-s)U,<«,.0. 
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write integrate for s. We then have the 

distribution of ^ = S(af| - given by 

«-i), 

showing that the only cflFect of the substitution of ^,1 for j 3 n is that the 
distribution loses one degree of freedom. Our estimate of a] j is thus 

(ii) If we consider 

write Ki.i = Av'^iii and integrate out for c^, we have /(X)d\, say, 


lo (2£ri*)K*-i)(2»ra*j)*rj(« -1) 


_Ei?_ 


i) 


AV\-‘" 


dX, 


or writing X= 6 ti -and = “/>ii)> finally for the 

distribution of the simple regression coefficient in, 


This distribution was first obtained independently by Romanovsky and 
Pearson (5). 

(iii) If instead we again consider 

this being likely to lead to a more useful result, since Cn 1 and «, j are both 
related to the same variate (^.1, we have a normal variate with standard 
deviation a,.i, of which our independent estimate is Ji.i = V'{fiM/(« - 2)}. 

It at once follows that the distribution of 


is given by the well-known “/distribution,” with « - 2 degrees of freedom. 
This enables us to test the significance of an estimate from any hypio- 
thetical value This result should be compared with that obtained 
by Fisher, who has shown (zi) that exactly the same test is applicable 
whatever the distribution of fi, provided is normal for each and 
we can suppose the set of values in the sample fixed from sample to 
sample. Any function of and f,, provided it is a linear function of 
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IS then, of course, normally distributed—for example, the regression 
coefficient itself. In II the question of assumptions is reconsidered, 
and these two apparently distinct problems are shown to be special cases, 
the only condition necessary for the test to hold being the normality of f 
If we consider the particular case when / 3 ,i or pn is zero, we have 

where r^^ is our estimate of p^. This explains why this particular func¬ 
tion of is distributed in a distribution,” the test of significance of a 
correlation from zero being more fundamentally the test of significance 
of a regression from zero 

4. Three Vartates. —We have in the case of three variates 

j C |*(-M e*p{ ^ 

v,(r,.„«-1) H - i)ri(« - 2)rj(« - 3)' 

First write 

pM 1 - 1 - S(a:, - - CJcji, 

I ^ta-i -S(a:j -^ti*i)(^s “ ^»i*i)" ~ 

Uaa 1 1 - CW^„, 

and 

«i 1 - - ^m). »i i - Vfiii^n - 

Then 

dt\\dcxt . , . dfff’mciieiut.iduf.idciidc^.idcfi.ideii.i, 

and 

For this identity depends on the coefficients of and Cji being 

respectively equal on each side. For the first two we must have 

Ai*+/>ii^it+/h»^M-o. 

which (since Pii = i) are obviously true. Multiply the first of these by 
Pxii the second by pu, and add; we get 

A - All + f’nAa + ^PuPu ^+“ ®» 
which IS the identity required for the coefficient of e^. W.e have also • 

1 C l-cu I ^M-i ^M'l I • 

I ^»8’1 I 


Cf. Ingham (to), p. 5 
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It readily follows that 

V 3 (<r^„ « - i) - Vi(^,„ n - ft - 2 )Uj(«^ i), . • (i i) 

where fi, v on the right-hand side can take the values 2 and 3. 

Since - A,|/v'(A|t^i8) = /»si 1—correlation between fj.j and 
or the partial correlation between and —and we have also 
A = (i - pj,,)A11A33, we may write 




1 /twi ifn I^I ■ I ‘‘m A 

I 1 t '•./ 

7 r*[ 2 C 7 ,.i« 7 ,.iv/ {i -p!ai)]“"*n(« - 2)ri(« - 3) 


</<-,j.i</r„.i</r 3 ,1. (12) 


If we compare this result with (6). we see that the quantities ^,3,, 
^ii 1. ^18 1 are jointly distributed exactly like ^33, ^33, ^33, but with one less 
degree of freedom. We may thus define partial variances and co-variance 
by the equations 

( Vn.i^sly-i:xl.J(n- 2 ) 

»a8-i - '811^11'81 -2:(x, 1X3,)/(» - 2) 

*'881 1 "SxJ j/(« - 2). 

We thus have the further results that not only, as we saw in the case of 
two variates, is 1/331 distributed in an “r* distribution" with n-2 degrees 
of freedom, but also 

(iv) the partial co-variance t/33.1 will be distributed in the Bessel 
function distribution (4) and (la) obtained for r33 or 1*31, and the partial 
correlation coefficient r33.i will be distributed exactly like a simple correla¬ 
tion coefficient r„ or r„, each, however, with one less degree of freedom 
Fisher has shown this for the important case of the partial correlation 
coefficient by means of a geometrical argument (13). 

We should notice that r33.j is defined above as 

' 8 .. 1 -S(x,. 3 * 3 .i)/v/[S(*;i)S( 4 i)]. 
but this may be written 

'88 1 “ ('88 “ '8l'8l)/\/[ (* “ 'si) (* “ 'll) ]• 

To reduce (ii) further, wc now treat n-2) exactly as we did 

« - 0 in the case of two variates. That is, write 
*'88-U " (*■88-l*’8fl “ l)/*^88-l *■ I C ] /C,3 

“^*8 II “^(*8 “ ^88-1*8 - ^8I-8*l)*» 

*8-81 l(^8S-l “ Pn-l)' 

We then have 


V,(r„„ « - 2 )Vi(c„.i3, «- 3 ) 

’<U3(ir3.„ W3i)Ui(«3-3i).(* 3 ) 
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Besides furnishing again all the results obtained for two variates, the 
case of three variates now gives the following. 

(v) The quantity is distributed like but with three less 

degrees of freedom. We may thus write ^33 h = (»- where 

P3313 is our estimate of the variance of fs-H, that is, of fs from the regres¬ 
sion plane 

Further, the quantities K3.1, «, j,«, 31 are normally distributed. Notice 
that since the correlation between «3.i and «3.i is P33.1, we can write 
«'i =«i i - iSii-i«i i = - PtfAi - hi t), n't=«3 ti> and obtain three 

independent normal variates W3 1, Wi, and ; moreover, and Wt 
have the same standard deviation oj ,1. 

(vi) If we consider 

V,(r„.,. «-2 )Ui(«3.i), 

we may obtain the distribution of the partial regression coefficient ^33.3, 
exactly as we found the distribution of the simple regression coefficient 
^,1 by considering 

Vi(ru, 


The only point to notice is that one degree of freedom has been lost, so 
that if we write 11 = ^^^331, and integrate out for 1:31.1, we shall have 


7 (A)<fA. 


n(*»-o gj. 

7rrj(»-3) 0, 


analogously to (8), where here A=i,, i-jS,, 1 
= -/iJii), we have the result analogous to (9), 

7r»ri(«-3) 


d\ . (14) 

If we write c;!,, 


Abni)db, 


“\ «^. 3 l/ 

alogous to (9), 


(■ 5 ) 


Similarly we obtain the distribution of ^,1.3 by interchanging the suffixes 
I and 2, but the two distributions will not, of course, be independent. 

(vii) Like the distribution of ^31, this distribution is of little value for 
testing the significance of regression coefficients, since it contains unknowns 
besides It is therefore more useful to consider 


V,(r3,.i„ *-3 )Ui(«,.3i), 


since now we have simply the normal variate »,.3i with standard deviation 
o,.ii, of which our independent estimate r3.3i is given by ' 


We may thus write 
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where t follows the “/ distribution” with « - 3 degrees of freedom. This 
enables us to test the significance of from any hypothetical value 
Pn-it since is the only unknown that occurs. 

When Pn-i or p„ 1 is supposed zero, we have 

I - - 3)IV{^ - '•J, i), 

and we can test the significance of a partial correlation from zero. 

(viii) We had not only «;,=«, but also Wi = Mg.i - 1 normally 

and independently distributed with standard deviation or, ,1, both being 
further independent of the distribution of It follows that if we 

write 

+ Plii^ii + ^PniPntfit + ^sti^ts> (»6) 

then 1 = J log (rV-fln) '* distributed in Fisher’s "s distribution” with jJ,j 
having « - 3 degrees of freedom, and s* two degrees of freedom. This 
enables us to make a single test for the significance of ^ and ^,11 from 
hypothetical values Ptt-i a^nd / 3 ,i t It is clearly a problem in the analysts 
of variance (see Fisher (14)). 

If we suppose / 3 si<i —we have simply 

or since R*, the estimated multiple correlation coefficient of with 
and it >8 given by 

we have 

«•/(«-3)^;„-R*/0-R*) 

Thus, just as the test of significance of a partial regression coefficient 
from zero becomes identical with the test of significance of the 
corresponding partial correlation coefficient r,, ^ from zero, so the joint 
test of significance of i,,.i and 6 „ , from zero must become identical with 
the test whether there is any significant multiple correlation 

5. The General Case of p Variates .—To obtain the various distribu¬ 
tions above in their general form, we consider finally 
V,(r„., *-i). 

Write 

1 0 - ^dic.i/cii. 

where the convention is adopted that /*, v can take all values i to f except 
those occurring explicitly— eg. ft cannot take the value i in e^^i. 
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Then 

II dc^„ ill 

and 

i , (:^ a«,-A.».)(».-ft.».)) 

ffl* “ *• V 

for similarly to the case of three variates, we have 

and multiplying this equation by pi„ and adding for all j»* i, we have 

A-A 11 + S ^/ 9 i,/>iA*r“ 0 . 


and these identities are the equations required for the coefficients of Cj 


and Cii. We have also 
It follows that 


I C l“fii I !• 


« -1) - Vi(rii, I* - 1, « - a)U^,(«^.i). 

Similarly 

V,.i(r,,.i, * - 2) - V,(r„ 1, i> - 2 )V^,(r,...„, * - 3)U^,(«, „), 


Vs(rM« 1.. 8.« ->> + a) - Vi(<r^,, « -/ + 2)V,(f„v.i. ^1, « -/ +1) 

X ... i). 

We may deduce from the distribution 

»-/ + *) .... (17) 

results corresponding to those obtained from (12) in the case of three 
variates. That is, we may write 

v,u,.i ... *-i... *-i/(* -P + 0. 

and obtain that 

(ix) the distribution of the partial co-vanance Wp, ... p-i is like 
that of a simple co-variance, and the distribution of the partial correlation 
coefficient r„ p-m ... like that of a simple correlation coefficient, each 
distribution, however, with only n-p + i degrees of freedom. 

We now write further 

V|(rp».i ... p-i, ft -p + 1)" Vi(f^ij i,_j .2 ... ^ 1 , ft —p + i)Vi(f,,.i.. . n -p) 
and hence have 

Vp(rp„ • -1)-Vj(ri„ <8-i)jn ...j)}. (r8) 
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We may therefore deduce in the general case the following results. 

(x) The quantity f„.i... is distributed like y„.i . ,_i, but with 
p less degrees of freedom. We thus write 


»wi...p-i-^wi...,-i/(«-/) 

as our estimate of the variance of from its regression “plane.” 

Further, the quantities «„ r... i are all normally distributed. We 
may, moreover, write 

fWi . . . P-l“ll.“^p, *-11. .p-»«p-M 

la;, -Up n-Pi-iu ■ ■ ■ p-i**-ti.“ ^p, p-i-i.. p-a*p-i » 


and obtain p - i independent normal variates each with the same standard 
deviation. They may alternatively be written 


r“'i “ V^iiC^pi - ^p, p-i*i... p-t^p-i, 1 .- ^pi 1 ... p-i) 

I l(^pS'l - ^p, p-l-l... p-l^*-l, ft .p-l) 


ltv*-i “ V^p-i, p-1‘1.. p-a(^p, p-i’i... p-s ~ p-i“i •.. p-i)» • 
showing that they contain only the unknowns ,.. ,_i, 
P», p-l 1 ... p-f 

(xi) The distribution of the partial regression coefficient 
^ = ^P, p-ii •.. p-s 

is obtained exactly as that of i,,, etc We consider 

Vi(r,_i, p-vi... p-s, * -/ + ... x), 

and obtain 






(19) 


(so) 


(SI) 


where p=p,, p-i-i... o = Op-i... p-i, and a' = i7,_i 1... 

(xii) As before, if we consider instead 

Vi(f,p.i... p-l, « -/)Ui(*p.p-i,... 1), 

we may write 

t - «p.p_i,... i/rp.p-1,... 1, 

where ... 1=t'*p.p_i,... 1 =^pp-i... *-i/(« - p), and «p.p_i,... i 

(=re'p_i) is given in (19). 
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This is therefore the teat in the general case for the significance of 
the partial regression coefficient b from any hypothetical value When 
we put / 3 =o, we have 

t^ry/{n-p)l\/{t-r*), 

where r is the estimated partial correlation coefficient between and 
when . . . fp_| are eliminated, and we have therefore a test of 
significance of r from zero. 

(xiii) If we write 

(/-+ . . w^i 

* • • • »•-»> »^+i> ■ • • 

+ ^2^j^jirl. . r-1, r+1,... 1 . . . f-1, ,+i,. . . (**) 

then a = J log i... i>-i) *s distributed in Fisher’s z distribution 
with ^,*1 ...p-i having n-p degrees of freedom, and j* > -1 degrees 
of freedom. This gives, therefore, a single test for the significance of 
^j.11 p-ii • I i>-i j... i>-t from hypothetical values i... .. 

Pp, P-1 1 • P-»- 

If we suppose these values all zero, we have simply 

(/■ 1 )-'*■■ JSj 1... r-l, r+l,.. . p-l^pr 




where R* is the estimated multiple correlation coefficient of with 

^1, • • • (p-i‘, and 

{p - 

say. 

The distribution of v = WjJiwhere jj* and f,* are independent 
estimates of a variance a\ with «, and w, degrees of freedom respectively, 
has been shown by Fisher to be 


rKn«i (1+»)*<»■+->'* 


from which the z distribution is derived. 

Write rip — n-p, and v = R*/(i -R*), and we obtain the 

well-known distribution (1$) of R* when there is no real multiple 
correlation, 


^(R*)i/(R*) - - R*)»<"-»-««/(R*). . ( 23 ) 
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The joint test of significance of the coefficients 

»-i i... J^-i from zero thus becomes identical with the test of the 
multiple correlation being significant. 


II. On the Assumption of Normality. 


6. So far the notation has been used that i denotes the deviation of a 
variate from its true mean, and x the deviation from its estimated mean. 
This was convenient, since it allowed the estimate of ^ to be written 
1, etc. 

It may now be remarked, however, that if x is given its usual inter¬ 
pretation as the value of an observation, e g. 

*1-^1+»f„ 

where is the true mean of x^, the notation can be made quite complete 
by defining a quantity XgSi, and writing now Xj g as our estimate of 
(fi-o-fii since is already measured from its true mean). For we had 
previously the relations 

I*,.., ’-x^-xJL(x^x;)IZx* 


and analogously we now have 


1*10-*i-^i/»-Jfi-^i 
'l “ <^11 “ “S(«i - ^i)* 

l»io -V«(yi-»»i), 


S(*iiC8) - 2*1 m >1^1, 2*0* - n. 

We may now write c,,.oi instead of etc , and in these expressions 
we shall now have the number of digits referring to variates eliminated 
giving the number of degrees of freedom lost. The joint distribution 
of the means and the product sums given by equation (4) will now be 
written 

’W,,o = U,(i»,.-o)V,(c,«o, «-i). . . (24) 

7. In the first part of this paper, the distributions arising out of the 
problem of regression were conveniently derived from the distribution 
Wg, 0, which holds only on the assumption that the system of variates 
is normal. We have seen, however (using now the complete distribu¬ 
tion Wg, 0 given by (24), which includes the distribution of the means), 
that in the case of two variates we may write 


W|,o {Vi(<rii.o, * - i)Ui(«i.o)}{Vi(<'m-oii " ~ *)Ui(»i q - ^ii*i o)Ui(«|.io)}i (25) 
where the variance of «i.o is o/, estimated by Cn.J{n - i), and the variance 
of Mfo - iSii«i.o or «i u is 0J.1, estimated by c„.ffJ(n-2). 
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The original normal distribution U,(f„) can of course be written 

and equation (25) suggests that W,, #, which depends on the normality 
of and ixt can also be split up into two factors which depend respectively 
on the normality of ix and If wc assume for the moment this to be 

true, we may observe that any distribution or test derived from both 
factors, such as the distribution of the regression coefficient, of the correla¬ 
tion coefficient, or of the co-variance, will therefore depend on the nor¬ 
mality of and fj.i, i.e. of and On the other hand, any distribution 
or test derived from the second factor alone, such as the distribution of the 
partial variance, or the test of significance of the regression coefficient, will 
depend simply on the normality of the partial or residual variate x 
For three variates we may write 

W,,. -{Vx(^xi 0. « - OUx(v,.o)}{V,(^^, .1, * - 0 - (»6) 

where we may expect the first factor to depend on being normal, the 
second on f|.i, 1 being normal, and then for the second factor we may 

write further 

{Vlf^M-oii * ~ *)Ul(*fO ” Ai‘^i'o)Ui(«i.x)} 

{V 1(1^33.011, n - 3 )Ui(« 3 .o - ^ 813 «i.* -^83 iV|-o)IIi(*s-ie ~ ^ 8 *-i“i-ifl)Ui(»< 3 .na))> (* 7 ) 
where in this expression we may expect the last complete factor to depend 
simply on fj.n being normal. 

In order to give a formal proof of these results, which makes no 
assumptions that are not necessary, it is proposed to establish ah inttto 
a general distribution which is an extension of the distribution Wp,o 
obtained by Wishart, being the corresponding partial distribution when 
K of the variates are eliminated. It will be written 

w„.. 

The method is to find the moment-generating function of the quantities 
whose distribution we wish to find. This method was used in a recent 
paper (2) to obtain the distribution W,, #, and it is there more fully 
explained. The work below gives perhaps the most general result 
obtainable in this way. 

8 First, however, it is necessary to give a very brief discussion of 
moment-generating functions and their properties. The most fundamental 
definition of the moment-generating function of a quantity (f>, which is some 
function of the fn observations in a sample in p variates is perhaps 

M(/)-£(«"♦).(28) 

where E denotes mathematical expectation—that is, is to be averaged 
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for all possible values of Thus the moment of the rth order, which 
may be written E(^'), is the coefficient of (fty\r ! in the expansion of 
M(/). We write it so that M(/) is finite for all real t 

If <f>—Xi + Xt, where x^ and x^ are any two independent quantities, 
we have 

or 

For n independent quantities Xi . . . x^p we have similarly 

M„-nM,^. . ... (29) 

In particular, if Xi ... x^ are observations referring to the same 
variate x, we have 

These results hold whether Xi. . . Xn are continuous variates or not, 
and the definition (28) thus renders obvious in all cases the property of 
moment-generating functions given in (29), which, since this may be 
written 

Kx«-log 

is sometimes called the additive property of scmi-invariants. 

If <^=x, one of the observations, and ;r is a continuous variate with 
distribution /(x), we have 

E(e««)=|* e«»/(^)</.v, 

and similarly we have in general, when tj> is continuous, 

this equation is important for determining F(^), the distribution of tf>, 
when we know M(/). In order to find M(/), we must, however, average 
in terms of the original observations, since its value is clearly the 
same whether we average for values of ^ or for values of the observations 
of which ^ is a function, and while we do not yet know the chance of a 
particular ^ arising, given by we do know the chance of particular 

values of the observations arising. 

Notice, if ^ = <f>{xi, x^, say, 

or symbolically 

E-E,.E^ 

18 


P.K.S.E.—VOL. uii, i93a-33. part hi. 
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where E,, denotes averaging with respect to Xx, etc , and if in particular 
were independent of Xx, we should have simply 

The above discussion deals only with the moment-generating function 
of a single quantity For the present purpose we require the joint 
moment-generating function of q quantities but this may be defined 
in exactly the same way by 


M(/,)-e(cxp .... (30) 

and all the corresponding properties hold. 

9. We suppose we have two sets of variates f 1 . . . »?,+i • ■ ■ i?*! 

where the variates +1 . . . /) are independent of the variates 

f„(»i = I . . . k), and constitute a normal system 

A ft . . . (31) 

M-*+l 

The sample contains n sets of values of the p variates 17^. The n 


seta of values of % are of course assumed independent. No assumption 
is made, however, about the variates 

The estimated variates Xx^o, etc., corresponding to $xt are as 
before. We consider the quantities 



and 

0*. v~K + i . . ./). 

The quantity Xq wc may subsequently put equal to unity. 

The joint moment-generating function of w,,, „, S,,, will be evaluated 
by averaging first with respect to the 17, and then with respect to the (. 
Since the quantities w,,, „, are each sums of n quantities 
independent with respect to the 17, we may write 

M(2/,^ m, /„,) - Efll E,^exp jai f + »T(t 7, r7)|), . (3a) 

where 11 denotes a product of n factors corresponding to the n sets of 
observations in the sample, T 


Now we have from (31), 
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E,(exp ij)J) 

“J ■ ■ ■ n«"~*** ^ {" ^.4./’''*' 

Integrating • this expression, we therefore have from (32) 

M-Etn({| A 1 / I A-*T 

where is the reciprocal of (A-iT); that is, 


Now, since f 
if 


M-{|A|/|A-/T|}»-Et(^-“<^. 0 ). 

S*fl|.o . . . m-l^n-o • • • «-t "• O 
n^m, 

SA,*A,—o 

If «#iw, 

and also obviously from the definition of A*, 

SA«*-i; 

hence we have 

SB(t, t)- i 

- i bJ t 

tj 

Now this expression is independent of the f; hence averaging with 
respect to ( does not affect the result, and we have finally 

M.{|A|/|A-/T|}i»exp{-JS^B(/„„/j}. . . (33) 

Now since, if F(w,,, „, 2 ,.,) represents the joint distribution of o',., m, 
2 „„ we may write 


where 


. P exp (31 £ 2 t^,mW^,m + t £ tnJL^SYdwd'L, 

J J-« I «i-«+l ffl-O Mt»<-« + l > 


tiw= fi Ha 

m—O 


we have by a generalized form of Fourier’s Integral Theorem (see (2)), 

exp|-2» £ 2 t^,m'io^,m-t £ /,u,2,,«| 

X M ri *„(//, 


* Cf. Wishart and Bartlett (a), p. 2, equation (5) 
+ See Yule (9), p. 183. 
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dt^s. fl di„,m, dt= n dt„„ 

*•-« + ! 

and M is given by (33). Integrate * successively with respect to the 
tm(fft=o, I, . . . »f), and we have 


F 

or since 
and 

we have 


i-£, 


I A |*»exp{-* i wj} 

_ t M. »-«+l _ W-0 _ Jj. 

I'A -iT (*« I B 1 *« 
a'J“A(w„, wj -»T(w*, wj, 


f f- |A|K-«-i)exp{-/ i 

= rr {7r-*<'-‘')| A t J j 

«.-o' ' ' M A-»T|*<»-*-»® 


s W'm.i 


The integral remaining is exactly similar to the integral obtained in 
the paper quoted (2) to obtain n - i), but with n-k - i instead 

of «- I. It has been evaluated by Ingham (10), and using his result^ 
changing the variates from to and inserting the 

differentials, we have 

FdwdH'-^ fl^{U,-.(a»,..«)}V,_,(S,.„', n-K-i). 


To interpret this result, we simply write 

so that in a set of variates f, we have assumed only that the p~K 

partial variates 1. ., are normal. 

The quantities «/„,« arc readily expressible in terms of the observa¬ 
tions Xi . . Xf. They are in fact analogous to the rwi . . . rt/p+i of 
equation (19), except for which are functions of the means—which 
were not considered in I. They may be written 

.-i[«.-*«.]. . . -iSmi*. 

*- 1^*1 • • • .«) 

i 

,n'M,«-V‘^«-o...«-i(^M«i. .( 34 > 


C/. Wishart and Bartlett, ioc. at. 



On the Theory of Statistical Regression. 277 

Just as 3^1, etc. refer to the variates (i. . . let x^.o', h^i', etc. 
refer to the variates (1. . . f.+i, ij, . - . Vv Then we have 

«•»-.« - S*,. oW - O',.. «»«. 

>■ S(*^o' - - S ma'u, n 

m*«l 

“ oO - S » 


“ S;e^.oi*... *x,iti ,.. 

But 

. • • *“*(‘•0 • • ..« • • “ ■ • • «*i-o ■ * 

since by definition ...«. etc. =0. Hence 

Thus we may write the distribution finally 

W„. =: nJ}Vp.^(r,v 0<f - 1 ). ( 35 ) 

It IS suggested that the set of distributions represented by W,,, is the 
more fundamental, at any rate for the study of regression or partial 
correlation, for though we saw in I that it may be deduced from Wishart’s 
distribution, it is now seen to be true under more general conditions— 
namely, that the f-K variates , are normal—and Wishart’s 

distribution may alternatively be obtained from (35) by writing k=o. 
For the present purpose, the most important cases are given by k - 2, 
and f- I. 

10. Thus, for fi = 2, K=o gives Fisher’s distribution for two variates. 
When #c = I, we have 

W,,i-U,(a»o)Ui(a;,;Vi(^„oi. »->), • • (36) 

where 

(wt =«/,, 0 - V»i^t -*»t- Pn[xi - wi]) 
la/i sw,, I - o(-^ii - ^ii)- 

This requires only that (,.i exists and is normal (this condition implies 
that the regression of on ii is linear, and that the variance of for 
each is constant). 

Thus the quantity Wj is normally distributed whatever the distribution 
of fi, whether the observations $1 can be regarded as fixed from sample 
to sample or not, or whether they arc specially selected. The reason for 
this is that te/j, regarded as a function of f,.„ is so weighted that the 
variance is independent of fi. Since the infinite population of 
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and can be split up into an infinite number of sub-populations for 
which the are fixed while vary (for and are assumed inde¬ 
pendent), the distribution of tv^ will be the sum of an infinite number of 
distributions each of which is normal, with the same variance and mean. 
Consequently, the distribution of will be similarly distributed, however 
varies. 

In the case where is fixed from sample to sample the problem is 
simplified, since it is not so essential to consider the particular function 
Wi. Any linear function of i will then be normal, but for any other 
function the variance will of course depend on There is no doubt 
that the condition that the set may be supposed fixed is commonly 
met with in practice, and this case was the one considered by Fisher (ll), 
although he seems to suggest in conclusion that his test holds under 
somewhat wider conditions than he assumed. 

It is important to notice that the test of significance of the mean Jit 
obtainable from Wj, i is only valid when the set is fixed, for then 
and Wo becomes Otherwise, as for a random 

sample in two normal variates, we should have to consider Wj, ^ for the 
variate f,, given by o> » - >)• with the corresponding 

assumption that is normal. The “/ test” of significance of 6 ti fro*” 
Ptt is, however, valid, with no restrictions on (i. Moreover, the special 
case of this, the test of significance of 6 ti or Th from zero, is clearly to be 
regarded as a special case of the test of regression, not of correlation, for 
fewer assumptions are involved in the test of regression than in the test 
of correlation. Thus if we regarded the distribution of the correlation 
coefficient rjj when pn is zero as a special case of the general distribution 
when Pii^o, we might have supposed that must both be normal. 

The simplest way to consider this distribution is to use Fisher’s geo¬ 
metrical methods (3), and consider the chance of the two radit vectores 
representing in n dimensions the sample of and making an angle 
B with each other when they are independent of each other—since 
rn = cos^ Clearly, however restricted the radttts vector of fi, say, is, 
if any direction of the radtus vector of is equally likely, then the angle 
6 will be perfectly random, and the distribution of when pti is zero 
follows. The condition that any direction of the radius vector is equally 
likely is the condition of the normal law (compare Maxwell’s proof of the 
normal law in the dynamical theory of gases). Hence the only condition 
for the distribution to hold is seen to be that (t> say, is a normal variate 
(and the n observations f,, of course, independent of each other). 

In the case of three variates, put ^=3, ic = i, and we have 

W,,i-U,(a;„,„)U,(a;„,,)V,(w. *-»)•• 


• (37) 
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From V|(r^,.oi, n - 2) is obtained the distribution of the partial correlation 
coefficient rji.j, and this therefore depends only on and i being 
normal, as has been pointed out by Fisher ((14), p. 163). 

If instead we put »c = 2, we have 

w-j), . (38) 

where 

I a'o =«'». 0 “ - ^8* il *• - »»»1 - jSsi i[*i - »»iJ) 

i =«»,, 1 - V^ii-o(^Ji - ^st Ai - *) 

IW, = V’<‘m 0 i (^81 1 - 
provided only that exists and is normal. 

The test of the partial regression coefficient from thus 

depends only on this condition. Similarly for that of 6^.^ from jSji 
This applies also to the joint test of regression using the “z distribution,” 
and to the special case of this latter test when jSji., and arc put equal 
to zero, when it coincides with the test of a significant multiple correlation. 
The condition that exists implies that the partial regressions with 
and are linear, since 

^8 ti ~ As lit ~ Ai sfi> 

but since we have seen that the distributions of and arc immaterial, 
we may suppose them to be any required functions of the original observa¬ 
tions, or what is more usual in practice if we have no prior knowledge 
of these functions, may consider the partial regressions with etc. 

We may, for example, by putting ft=A*. interpret the above equation as 
representing the parabolic regression of a variate $3 on ii Thus curvi¬ 
linear regression and curvilinear partial regression provide no further 
theoretical difficulties. When a curved regression line is being fitted, 
It IS often convenient to consider the partial regressions not with fi, 

$1* .but with some orthogonal set such as fi-o, A-oi.where 

etc.; the regression line may then be fitted term by term This 
procedure is practically most important when the values of are separated 
by equidistant intervals. 

II. The test of significance of Xi-mt has been extended by Fisher 
to include the significance of a difference Xi-ii, where JSi and Xi are 
the means from two independent samples S and S'. We may now regard 
the variate 

as a special case of the variates Wi ,,, tv,,,, etc.; one, moreover, which is 
especially simple, as it is a function of x, and x,, where the variate x, is 
not only fixed from sample to sample, but can take only the value umty. 
Thus since x, is fixed, it is not necessary to eliminate it to eliminate w,, 
and we can not only consider 
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.... (39) 

when the samples are equal in size, but 

. . (40) 

say, if they arc unequal. 

In the general case of the significance of any the condition that 

the "independent variates" should be fixed from sample to sample for 
the test to be strictly applicable immediately becomes apparent. 

Thus in the case of two variates, we only have 

• (4O 

provided that = V^ii-oi that is, the samples are equal in size, and 

the same set of is contained in each sample. We may then consider the 
normal variate m (41), with its corresponding estimated variance 

and test the significance of the difference between and by means of 
t=ul^/v, which will follow the “/ distnbution” with 2(»-2) degrees of 
freedom. 

If the samples are unequal in size, but the $1 arc fixed, we can weight 
«/|, 1 and tvt, 1 in order to eliminate / 3 ji, similarly to (40). 

For three variates, when and are supposed fixed from sample to 
sample, we have similarly to (41) for two equal samples, 

(4*) 

Further, under the same conditions, 

=«>i, 1 - W3, i' - V^n - ^n'), ■ (43) 

and we have not only from (42) a normal variate by which we can test 
the significance of the difference between bg^.i and 6 ,, x, but from (43) a 
more sensitive test of significance between b^ and ^ 3 l' if f. appreciably 
affects fa and Again, since 

2Vx =Ux* + «,* = (i:„ 0 - o')(^8i i - ^M i') + (‘^a o “ ‘‘a o')(^a 1 - ^a»'), • (44) 

we may test thc3oint significance between ^,*.1, b^-t, and respec¬ 

tively, by means of the "e distnbution.” 

Analogous tests hold for three variates if the samples are unequal, 
provided and are still fixed for each sample; similarly for any number 
of variates. 

12. To sum up the results of II, the following distributions depend 
simply on the existence and normality of the two partial or residual 
variates f,.i i^x-i 
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(«) The distribution of the partial correlation coefficient »_i i... *-i. 
(^) The distribution of the partial co-variance t;,, 

(c) The distribution of the partial regression coefficient ip, p_i.i,., p_». 

On the other hand, the following distributions and tests of regres¬ 
sion depend only on the existence and normality of the one residual, 


{d) The distribution of the partial variance Wpp.i... p_i. 

(e) The distribution of the normal and independent variates (defined 
in (34)), a/„ 0 . . . tt/„ p-i. 

(/) The test of significance of ip, p_j.i... p_,~ jSp, p_i j .. p_j—including 
the particular case when p,, p_i.|... p_, assumed zero. 

{g') The joint test of significance of ip^.i... r-\, r+i... p-i 
/ 3 ®r 1... r-i, r+i. f - 0 —including the particular case 

when no real multiple correlation is assumed. 

(h) In the problem of two samples, provided we can regard the set of 
variates fi, . . . fp-i as fixed, the test of significance of ip, p_i.i.,, p-j 
p-M... p-i, or the joint test of significance of ipf i... r-i, r+i.., p-i 
. . . r-l, f+l.. . p-l(^=I • • •/“ 0- 

Regression is seen to be a wider concept than correlation; for fewer 
assumptions are involved in the more important distributions and tests, 
which are moreover simpler. 

Though all correlation tests—when we are concerned only with finding 
whether there is any correlation at all—reduce to regression tests, a dis¬ 
tinction should obviously be made between problems of regression in 
general, and those where the idea of correlation may be usefully employed. 
In the case of two variates, for example, since the distribution of the 
correlation coefficient when is not zero requires a random sample of 
two normal variates and (i, a correlation coefficient has most meaning 
in a sample of this kind. 

No mention has so far been made of the test of goodness of fit of 
regression lines (see Fisher (16)), since this depends on our having an 
array of values of for each value of fj. The test is, however, simply 
another application of the analysis of variance, the “a distribution” being 
used to test, say, whether we have satisfactorily obtained a normal variate 
(fi by assuming (,.1 = and fitting a straight line. The variation 

within arrays is compared with the variation of the means of the arrays 
from the fitted regression line. The test is thus strictly possible only 
when several values of f, correspond to each but m practice when this 
condition is not fulfilled we can sometimes group the values of provided 
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the grouping is sufficiently fine. Alternatively, we could fit the regression 
line first, and afterwards group the deviations from this line; we should 
then, however, as an approximation have to neglect the number of degrees 
of freedom lost in fitting, and assume the fitted regression line to be the 
true (linear) regression line. 

An exact theoretical test for the goodness of fit of a straight line would 
be to fit the regression line, and then group coarsely, making an estimate 
of (t| 1 by finding Cn-oi /<"" group. That is, if there were a groups, 
finding 

2(a -1)», - r„.o, - S (rn oi)r, 

and comparing the independent estimates of given by Vi and Vf 
Even if we were testing the fit of a curved regression line, it would probably 
be sufficient to assume the regression in any group to be linear. But the 
awkwardness of the above test makes its practical importance limited; 
especially as the test of goodness of fit is supplementary to the specific 
tests of significance of regression coefficients—tests which arc usually 
more sensitive. 

Thus it might happen that a regression coefficient 3,i is significant, 
although the goodness of fit seemed adequate when /S,i was assumed 
zero; this is because in the test of significance of the variance due 
to the linear regression is isolated as a single square. This particular 
criticism of the test of goodness of fit is general, of course, and applies 
also to the case where there are arrays of values of f, for each f j 

In conclusion, we may perhaps recall that the calculation of all regres¬ 
sion coefficients is a problem in the theory of least squares, and conse¬ 
quently their accuracy depends only on the assumptions necessary for this 
theory. We had, for example, the normal variate 
«'i, 1 “ V^ii o(^u - Ai) -SAif, X, 

where 

whether the values of are fixed or not, provided (g.i is normal. It is 
clear, however, that «/], x is approximately normal whatever the distribu¬ 
tion of XI provided no values of i (or Ax) are abnormal, since a linear 
function of m variates goes to normality as n becomes largd. 

Hence it is likely that 

V^u-o I -fin I < 

and for a reasonably sized sample, so that \leii , is reasonably large, we 
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may conclude that the discrepancy between ^.1 and j3|i is likely to be 
small. But the exact test of significance of bn - Pti must, for any finite 
sample, involve the assumption that is normal. 


I should like to express my thanks to Dr J Wishart, to whom I owe 
the suggestion that a more systematic and complete derivation might be 
possible of the various distributions and tests associated with regression 
than has perhaps hitherto been given. I am also indebted to Dr Wishart 
for advice and criticism while this paper was being prepared. 
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I. Introduction. 

I. General 

Within the group of islands which together comprise Spitsbergen out¬ 
crops of dolerite may be traced over an area of about 50,000 square miles. 
The area is doubled if the neighbouring dolerites and basalts of Franz 
Josef Land are included. Even so, this is but a part of a network widely 
spread over the north-western part of the Euro-Asiatic continental plat¬ 
form, and over adjoining circumpolar lands. The sill-swarms of Spits¬ 
bergen alone rival in extent any of approximately similar age in other 
parts of the world, such as those of South Africa, South America, India, 
Antarctica, or North Britain. They merit a great deal more attention 
than it has yet been possible for geologists to devote to them. 

On the basis of their work in Spitsbergen during the field seasons 
of 1919, 1920, and 1924, the authors consider that, along with previously 
published information, there is now a sufficiency of data on which to 
found a general account of the geology and petrology of the dolerites.. 
Dr Tyrrell traversed all but four of the numerous outcrops of dolerite 
in the Stor Fjord region, and in addition visited the Anser I , Gips Hook, 
and C Diabas exposures within Ice Fjord. Dr Sandford explored the 
great Aik Range intrusion and other masses in the central parts of Hin- 
lopen Strait and Wahlenberg Bay; and his colleagues collected informa¬ 
tion regarding the exposures on the southern coasts of North-east Land. 
Some of the intrusions were mapped from air photographs or from study 
at a distance, but only after their continuity with visited exposures had 
been satisfactorily demonstrated. For the sake of completeness earlier 
geological and petrological work on Spitsbergen dolerites has been 
summarised and included in the text. Where such derived information 
is included it is always associated with the name of the investigator con¬ 
cerned, the remaining data being original. 

2. Synopsis of the Geological History of Spitsbergen * 

It seems desirable to introduce at this stage a brief history of geological 
events in Spitsbergen to serve as a frame of reference for the ensuing 
discussion of the dolerites. Spitsbergen may be regarded as the geological 
outpost of Europe in Arctic regions Through its wide eastern and central 
plateaus, consisting of comparatively undisturbed Late Palmozoic, Mesozoic, 

* An excellent modern summary of the geological structure and history of Spits¬ 
bergen IS to be found in H Knothe (49, pp. 30-48). The numbers within brackets 
refer to the bibliography at the end of this paper. Other valuable summaries are given 
by 0 . Nordenskieid (30), G. de Geer (27), and A G. Nathorst (19) 
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and Kainozoic formations, it is connected with the Russian Platform; and 
through Its great western fold-mountain zone it is connected with the 
long Caledonian belt of crustal weakness which runs through Western 
Scandinavia into Scotland, and in the other direction into the north of 
Greenland. Its geological formations and structures thus have affinities 
with both Eastern and Western Europe. 

The oldest known formation in Spitsbergen is the Hecla Hoek System, 
consisting of dolomites, slates, and quartzites, of Early Palaeozoic (pro¬ 
bably Cambrian to Silurian) age.* Certain metamorphic rocks, schists, 
and gneisses which, along with the Hecla Hoek, arc cut by later granites, 
were formerly regarded as Archaean, but are now thought to represent 
mainly Hecla Hoek rocks which have been highly metamorphosed by 
pressure aided by magmatic injection during the Caledonian orogeny that 
ensued towards the end of Silurian times. The folding of this period, 
which took place along N.N.W. to S S.E. lines mainly in the west of 
Spitsbergen, becomes less intense towards the east. On the worn-down 
surfaces of this ancient folded basement were laid down almost undisturbed 
strata of Downtonian and Devonian ages. These are continental deposits 
of estuarine and fluviatile origin consisting largely of red and green 
sandstones, conglomerates, and shales, with a total thickness of about 
30,000 feet, and are closely comparable with the Old Red Sandstone of 
Scotland and Norway. 

The massifs thus formed were now cleft by gigantic faults into great 
graben or horst blocks of widely divergent inclination and elevation. In 
certain areas the Devonian strata were completely swept away to the new 
sea-level. The faulting died out in the succeeding period of the Culm, 
during which strata of typical "Coal Measures" aspect were laid down to 
a depth of 3000 feet The Carboniferous sea then transgressed widely 
over the region with the deposition of thick, massive, highly fossiliferous 
limestones with intercalations of gypsum. There followed limestones and 
cherts assigned to the Permo-Carboniferous, and finally 750 feet of 
Permian sandstones and shales. 

Mesozoic formations attain a very wide distribution in Spitsbergen, 
mainly in the south-eastern region. The Trias consists of shales, lime¬ 
stones, and sandstones, with a maximum thickness of about 1800 feet. 
There is often a considerable stratigraphical gap between the uppermost 
beds of the Trias and the succeeding Jurassic rocks. The latter are com¬ 
posed of shales, thin limestones, marls, and plant-bearing sandstones, 
partly of shallow marine, partly of continental origin, with a total 

* For the geological distnbution of this and other stratigraphical groups see the 
geological map, Plate 
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thickness approaching 2000 feet. In several localities Cretaceous rocks 
are found to rest conformably upon the Jurassic, and are of lithologically 
similar types. In Early Cretaceous times basaltic eruptions occurred 
over wide areas in Spitsbergen and Franz Josef Land, and the dolerites 
which are the subject of the present paper undoubtedly represent the 
underground manifestations of this period of igneous activity. The only 
tectonic event of any importance in the Mesozoic era was the growth 
of an extensive downfold or flexure extending north-west to south-east 
along the line of Ice Fjord. The possible connection between the igneous 
and tectonic events is discussed later in this paper. 

Unconformably upon the Cretaceous there rests a series of conglo¬ 
merates, sandstones, and shales of Kainozoic age (Palaeocene to Eocene), 
which reaches a thickness of 4600 feet. These rocks, together with all 
older deposits, were then compressed by an eastward thrust of the old 
Caledonian fold-mountain block in a renewal of orogenic movement, which 
led to violent folding immediately east of the block, but left the strata 
unaffected a few miles farther east The final tectonic phase was a 
reversion to epcirogenic movement during which there were notable block 
subsidences within the ancient graben and horsts, along much the same 
lines as their bounding faults. In addition, narrow belts were lowered 
within the blocks both along the lines already mentioned and across 
them. A fjord system thus came into existence, within which consider¬ 
able changes of level took place in Glacial times. 

3. History of Investigation.* 

Apparently the first mention of the dolentes and their recognition as 
igneous rocks were made by the geologists of the French Expedition 
of 1838-1840 (E. Robert (2)), although an isolated reference to a dark 
“syenite” at Whales Point (Edge Island) had been made by B. M 
Keilhau in 1829 (i). Robert described "Unc s6Iagite (syenite hypersthd- 
nique) de couleur plus ou moms vert noiratre, la seule roche crystalline 
et d’origme suppos^e ignde que j’ai rencontr^e a Bellsound.” The most 
complete early accounts of the Spitsbergen dolentes, however, are given 
in two memoirs by A. E. Nordenskiold, both of which have been translated 
into English. In his "Sketch of the Geology of Spitsbergen,” (3), which 
is a translation of papers of 1862, 1864, and 1866 in the Transactions 
of the Royal Swedish Academy of Science, Nordenskiold devotes a 
section to “Hypente,” in which he emphasises the vast extent of this 
rock, its extreme uniformity of appearance and composition, and its 

* The purely petrographical papers are dealt with at the beginning of Section III, 
PETROLOGY, see p. 303. 
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columnar structure He particularly notes the very full development of 
the “Hyperite” in the region of Hinlopen Strait, and around the Stor 
Fjord, as well as in Bell Sound. Misled apparently by the gravelly 
mode of decomposition and the stratified aspect of these rocks, he 
adopted the view that they had been formed by the induration of volcanic 
ashes or of gravel from destroyed plutonic rocks. He showed the 
structures and stratigraphical relations of the dolerites in several instruc¬ 
tive coloured sections engraved on the geological map which accompanies 
this memoir. 

Nordcnskiold's second memoir, entitled “ Utkast til Isfjordens och 
Belsunds geologi” (1874-75), was translated into English and pub¬ 
lished in the Geological Magazine (7) Many further details of the 
occurrence of dolerite in the above-mentioned regions are given, together 
with some instructive sections, and others which arc rather puzzling. 
Although von Drasche (5) had already proved the normal igneous nature 
of the dolerites (see p. 303), Nordcnskidld stated that “ it is scarcely possible 
to consider these beds purely eruptive formations, although I by no means 
deny that the veins of diabase, and probably also that which forms isolated 
rocks without admixture, have broken out in a state of fusion from the 
interior of the earth,” and maintained his earlier view of the origin of 
the stratified diabase (see above) 

The contemporaneous basaltic lavas of Franz Josef Land were described 
by Koettlitz (9) and by Newton and Teall m 1897 (8) and 1898 (10), and 
those of the Wyches Islands by A. Hamberg in 1899 (11) from material 
provided by A. G. Nathorst (13), but the next advance in knowledge of the 
Spitsbergen dolerites as a whole were made by the geologists of the 
Swedish and Russian Arc of Meridian Expeditions of 1898-1901. This 
work gave rise to a series of memoirs of which H. G. Backlund’s paper 
on the diabases of Eastern Spitsbergen (15) is the most informative as 
regards geological occurrence, modes of intrusion, tectonic associations, 
and petrology. Backlund emphasises the connection of the dolerites with 
the formation of the fjords, and shows that the intrusions tend to occur 
at the points of intersection of the network of structural lines. In the 
Stor Fjord region their maximum development is toward the north about 
Hells Sound, where sills and especially dikes are most frequent. In a 
later paper Backlund (28) indicated the relations between the pendulum 
observations of Bornsdorff in East Spitsbergen and the occurrence of 
dolerite. The gravity determinations show a preponderance of mass 
beneath the northern Oldland, and a deficiency of mass beneath the 
more southerly region of unfolded Newer Rocks, where subsidence has 
undoubtedly taken place in Tertiary times, and where the most extensive 
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intrusions of dolerite have occurred. The trend of the zero isogamms is 
along the tectonic lines of Hinlopen Strait and Stor Fjord. 

In the meantime G. de Geer (17, 18, 27) had advanced the view that 
the dolente accompanies a great flexure extending diagonally across the 
Ice Fjord region from N W to S E., which, in the critical region of 
Sassen Bay, bends to the N.E around the southern end of the northern 
Oldland towards the south coast of North-east Land. 

A. G. Nathorst, in his classical memoir of 1910 (19) on the geology 
of Spitsbergen, Bear Island, and King Charles Land, published some 
instructive observations and sketches of the dolente intrusions of the 
C. Thordsen area (Ice Fjord), which had been made as far back as 1870. 

In 1910 A. Hoel and O. Holtedahl (20) discovered sheets of basaltic 
lava resting on the supposed Lower Cretaceous peneplain in the region 
between Wood Bay and Wijde Bay, which they regarded as the effusive 
equivalents of the dolerites. In 1914 Hoel published further observations 
upon these lavas and accompanying dikes and discussed their age (22). 

Modern work on Spitsbergen dolerites, the final results of which are 
incorporated in the present paper, dates from the Scottish Spitsbergen 
Syndicate Expeditions of 1919 and 1920, and the Oxford University 
Expeditions of 1921, 1923, and 1924 (see 29, 31, 36, 38). 

11 . Geology of the Dolerites. 

I. Geographical Distribution* 

Three principal regions of intrusion may be recognised within Spits¬ 
bergen Itself:— 

(1) Hinlopen Strait and North-east Land, including the intrusions 
on the mainland and North-east Land sides, as well as the 
islands within the strait, and occurrences on the south and east 
coasts of North-east Land. 

(ii) Stor Fjord, comprising the intrusions on the mainland side and 

on Edge Island and Barents Island, up to and including those 
on either side of Helis Sound between Barents Island and the 
mainland. 

(iii) Ice Fjord and Bell Sound, including four main areas: southern 

part of Andr6e Land peninsula; southern part of Dickson 
Land peninsula (C. Thordsen); Sassen Bay, including Anser I. 
with the Gipshook peninsula, and the region on the south side 
of the bay between C Diabas and Mt. Marmier; the vestern 
mountains between Ice Fjord and the Bell Sound region. 

* Sec map, Plate. 

P R.I.X.— VOL. LIII, I93*-33, PART III. 19 
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In addition must be noted the important dolerite and basalt regions of;— 

(iv) The Wyches Islands (King Charles Land), south-east of North¬ 

east Land; and 

(v) Franz Josef Land, the archipelago east-north-east of the Spits¬ 

bergen group. 


2. Field Observations. 

(i) Hinlopen Strait and North-east Land. 

A few irregular narrow dikes occur sporadically within the region 
of Older Rocks at the northern end of Hinlopen Strait (e.g. head of 
Murchison Bay and near North Cape in North-east Land; Hecla Mount, 
Treurenberg Bay). The last-named is figured by Nathorst (19, p. 303). 

In the central parts of Hinlopen Strait the Aik Range, south of C. Fan- 
shawe, marks the position of what is probably the largest dolerite intrusion 
in Spitsbergen. The vertical cliff rises from sea-level at its southern end 
to a height of over 1000 feet in a distance of several miles, and a sounding 
of about 90 fathoms has been recorded near its foot (G. de Geer (33)). 
The whole mass underlies Cyathophyllum Limestone, and at its northern 
end, where it is thickest, the rock is a coarse quartz-gabbro at sea-level, 
and there is no trace of its base. 

From the Aik Range cliffs a thick mass of dolente tapers upward and 
northward to form C. Fanshawe (fig. i). In common with two thick sills 
which run along the southern cliffs of Lomme Bay, it has forced its way 




Fig I —Coastal section between Duym Point and C Fanshawe, Hinlopen Strait. Black, 
dolente; stippled, exposed Cyathophyllum limestone, plain, land ice The chffs between 
the northern end of the Aik Kange and C Fanshawe were rartly obscured by fresh snow at 
the time of visit, and the section is therefore incomplete. The asterisk marks overlap of the 
two parts of the section. 

through the Cyathophyllum Limestone (Middle to Upper Carboniferous). 
To the south the top of the Aik Range intrusion gradually descends to 
sea-level, and a sill makes its appearance at the top of the scarp a mile 
or two inland (section, fig. i). This can be followed southward for about 
20 miles, and then disappears, with all other rocks, beneath the land ice. 
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A line of dolerite islands across Hinlopen Strait (map, Plate) opposite 
the southern termination of the outcrop of the Aik Range intrusion seems 
to represent the continuation of the outcrop towards the cast. The 
authors think it probable that the Aik Range intrusion represents the 
central part of a huge laccolith, possibly of cedar-tree type, which is 
intersected in the neighbourhood of its vertical feeder communicating 
with the depths from which the magma rose, and that sills originating 
from it penetrate the lateral and superincumbent strata. 

On the opposite (eastern) side of Hinlopen Strait large masses of dolerite 
occur at Hypente Point and the Gylden Islands at the mouth of Wahlen- 
berg Bay. On the north side of Wahlenberg Bay a sill appears in the 
Permo-Carboniferous strata of Mt. Idun. What is probably the same 
sill occurs on the south side of the bay in the C. Selander peninsula, and 
continues cast of Palander Bay for a distance of at least 40 miles, main¬ 
taining a practically constant level between horizontal strata, although it 
seems to split into two branches east of Ivory Gull Cliff, where it is 150 
feet thick (36, p. 642). In 1924 erratic blocks of dolerite were seen in 
moraines on the east coast of North-east Land (Isis Point), due east of 
this sill, and about 50 miles from its last appearance.* 

At the Ivory Gull Cliff exposure the underlying limestone is calcined 
and brecciated, the fragments being partially recemented by deposits 
of specular iron ore. Below this level the limestone has been silicified, 
and Its fossils destroyed, preserved as casts, or preserved in perfect con¬ 
dition in silicihed form, according to depth below the sill. In all the lime¬ 
stones are more or less altered to a depth of 30 feet below the sill, and at 
greater distances from its margin they are quite unaltered. 

The lower part of the sill itself is likewise altered; the actual margin 
is marked by an inch-wide band of gypsum (secondary); above, the rock 
is ochreous, soft, and amorphous, but passes upward into a “white trap,” 
a pseudomorph of the dolerite thoroughly crystalline and fairly hard, to 
a total thickness of 10 feet, passing into unaltered holocrystalline dolerite 
of excellent quality and of special character (see Section III, Petrolooy), 
1 SO feet in thickness. The overlying beds, where exposed from beneath 
the land ice, are reduced to loose blocks of white, silicified, and burnt 
limestone The main Wahlenberg Bay sill, on account of its remarkable 
length, uniform thickness, and petrographical interest, may be regarded 
as typical of the major sills in Spitsbergen. 

* In a recent report C T. Dalgcty (51, p. 132) has recorded on Great Island “out¬ 
crops stated to be dolente sills," and C Leigh Smith is desenbed as “closely resembling 
the cliffs at Vega Bay,” and as “in all probability dolente.” Speamens, however, are 
not available, and the observations need confirmation. 
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South of Wahlenberg Bay sills are almost continuously exposed on 
both sides of Hinlopcn Strait. They are especially prominent near 
Black Mountain and C. Torell on the eastern side, and C. Eremite and 
Thumb Point (with dike) on the western side. At Black Mountain and 
Wahlenberg Island the sills are in Permian strata, at Capes Torell and 
Eremite in Trias, at Thumb Point in Jurassic, with effusive basalt beneath 
unbaked Lower Cretaceous sediments (G. de Geer (33)). 

Attention may finally be directed to two remarkable clusters of dolente 
islands in the southern part of Hinlopen Strait. The first of these is 
found between Wahlberg Island and C Eremite on the mainland At 
the last-named locality a thick sill is given off from a mass of dolente, 
of which the base is not seen The dolente islands are surrounded by 
deep water, and are arranged in the form of an irregular incomplete 
ring (see map, Plate). Another and much more perfect ring of dolente 
islands is formed by the Bastion Islands group south-east of Thumb 
Point The evidence that these islands may possibly be the relics of 
vertically-sided intrusions, and not irregularly-sunken sills, has been 
discussed by Sandford (36, p. 650). It may be suggested here that the 
igneous form they most closely resemble is the massive ring-dike which 
has been found to take such a prominent part in Hebridean igneous 
activity,* and which has now been recognised in other igneous fields. 

A series of similar vertical or nearly vertical intrusions, rather than 
sills, form three main groups of dome-shaped hills between C. Torell and 
Ulve Bay on the south coast of North-east Land. The meagre informa¬ 
tion which is available regarding these recently identified dolerite masses 
will be found in the above-mentioned paper (pp. 649-650). 

(li) Star Fjord Region. 

The Stor Fjord region includes the coastal parts of the great bight 
which opens southward between the eastern side of the mainland of 
Spitsbergen on the one hand and Barents and Edge Islands on the other. 
Northward it narrows to Ginevra Bay and Helis Sound between the 
northern coast of Barents Island and the mainland. Dolerite sills and 
the accompanying dike-offshoots or feeders are exposed from C Dufferin 
(south of Agardh Bay) on the Spitsbergen mainland up to Hclis Sound, 
and then far down on the eastern side of Stor Fjord to Negro Point, Edge 
Island, and the archipelago of the Thousand Islands south of Edge 
Island. On the mainland side dolerite has not been recorded south of C. 
Dufferin. The igneous rocks occur as wide-spreading sills with occasional 

* J. E. Richey, ’‘Tertiary Ring Structures in Bntain,” Trans. Geol. Sot. Glasgow^ 
vol. XIX, pt. 1, 1932, pp. 42-140. 
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dike^offshoots, including transgressive portions where the sills ascend or 
descend from one horizon to another. The massive vertical intrusions 
characteristic of the Hinlopcn Strait region are not found in Stor Fjord 
unless the unexplored exposures in the Hehs Sound area represent such 
masses. Basaltic lavas are likewise unrepresented in the Stor Fjord 
region. 

The most complete account of the dolerites of the Stor Fjord region 
is that by H. G Backlund (15), who distinguished three principal develop¬ 
ments:—(i) Centering about Gincvra Bay; (2) centering about Freeman 
Strait; and (3) centering about Whales Point (Edge Island). With the 
discovery of connecting intrusions (see later) these dolerite areas are not 
so sharply marked off as Backlund supposed 

The Stor Fjord dolerites will be described in clockwise order around 
the bight, beginning with the southernmost mainland occurrence at 
C. Dufferin. 


(l) Region South of Negri Glacier. 

(a) Cape Dufferin .—A thick dolerite sill forms the foreshore and 
coastal platform at C. Dufferin at the eastern foot of Rurik’s Forberg 
(see map in G. de Geer (27), or T. H. Hagerman (35)). As the sea floor 
m the vicinity is hard and rocky, and affords very insecure anchorage, 
there is little doubt but that the sill extends eastward under the sea. In 
the neighbourhood of the cape the sill rises at least 100 feet above sea- 
level. It extends some miles northwards along the coast, but south 
of C. Dufferin it gradually disappears beneath sea-level Just south of 
the cape an excellent cliff section 150 feet in height shows dolerite passing 
under shale, which, apart from bleaching, has suffered remarkably little 
alteration. Thin irregular protrusions of the igneous rock are injected 
into the shales from the upper contact. Near the upper contact the dolerite 
passes into a whitish bleached rock resembling a "white trap,” which 
weathers with a rusty crust. This altered zone extends downwards about 
a foot, and has a sharp boundary against the fresh interior rock of the 
sill which weathers with a smooth dark surface. The sill must be more 
than 100 feet thick, this figure representing the visible thickness The 
total thickness must be much greater, for in the lowest visible rock there 
is no sign of fine grain indicating proximity to the lower contact. K. Gripp 
gives a section (43, p 239) showing a thin tongue of diabase terminating 
in Jurassic shales on a mountain-scarp to the south of Agardh Bay. 
This may represent the northward dying-out of the Cape Dufferin sill. 

(b) Agardh Bay to the Negri Glacier.—N thick sheet of diabase is 
mentioned by A. E. Nordenskiold (7, p. 211) as occurring in Agardh Mt. 
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K. Gripp shows an outcrop of dolerite in this region on his map (43, 
p. 240), and mentions the occurrence of a dolerite sill in his text (p. 238). 
In an unpublished report of his traverse from Sassen Bay to Agardh 
Bay in 1919, Mr A. Stevens, of the Geographical Department of Glasgow 
University, stated that dolerite sills occur in Agardh Mt and in the 
mountain to the west, and throughout the Agardh Bay and Fulmar 
Valley areas. He described a dolerite sill up to 300 feet thick at a uniform 
horizon of about 500 feet above sea-lcvcl intruded into the Daonella 
Shales of the Wallenberg massif, just south of the Rabot Glacier Traced 
eastward, the sill cut upward through the strata and appeared at a con¬ 
siderably higher horizon. Mr Stevens’s observations thus indicate the 
probability of a linkage between the Stor Fjord and Ice Fjord dolerites 
along the line of the Sassen Valley. At the same time H. Philipp’s 
observation in the coastal and inland region to the north of Agardh 
Bay (23, p. 14) that the diabase sheet of the area between Duncr Bay 
and Mohn Bay can be followed far inland, t e. westward, serves again 
to link the coastal dolerite with that found by Stevens in the Wallenberg. 

Near Duner Bay, as seen from the sea, a thin, broken, transgressive 
dolerite sill makes its appearance at about 500 feet above sea-level, rising 
northward to 1000 feet, when it caps the eastern and part of the northern 
edge of the plateau between Duner Bay and Mohn Bay, which is called 
Johannsen Mt. Its scarp ends off on the northern edge of johannsen Mt 
at a height of 880 feet, and then bears south-west across the summit of the 
plateau. The profile of the eastern face of Johannsen Mt. shows the sill 
capping the northern portion of the plateau, and ending off at a small 
fault. 

On the northern side of the Usher Glacier, which fills a small valley 
bordering the northern face of Johannsen Mt., rises the plateau of Krogh 
Mt According to K. Gripp (43, p. 242), a thick dolerite sill occurs at 
the foot of the southern peak of Krogh Mt. Gripp also records thin 
dolente sills in the Hahn Mts. (Teist Mt. of some maps), the extensive 
plateau between the Hayes and Negri Glaciers. H. Philipp (23, p. 14) 
also records a terrace of diabase at the foot of Teist Mt., and that the 
overlying series of shales and bituminous limestones is cut by diabase 
dikes. 


(2) Region North-east of Negrt Glacter. 

There are two main exposures of dolerite, Mts Edlund and Hellwald, 
in this region. H. G. Backlund (15) is the chief source of the scanty 
available information. A. E. Nordenskidld’s geological map and sections 
(3) show tw'o sheets of diabase in Edlund Mt. which cut Triassic strata. 
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one at the base of a cliff and forming a wide foreshore, the other capping 
the flat-topped mountain. According to Backlund (i 5, p. 4), the southern 
part of Edlund Mt. is capped by a thick sheet of diabase exhibiting 
columnar structure. Lower down, at a height of 250 metres, a thin sill 
traverses the whole front of the mountain. This sill divides into upper 
and lower branches, and at the north-eastern extremity of the plateau the 
branches reunite to form an oblique intrusion. The "Hyperite” penin¬ 
sula at the foot of Edlund Mt. is regarded by Backlund as probably 
composed of the remnants of anastomosing dikes in connection with the 
diabase sheet at the summit. 

The Hellwald Mt. plateau, according to Backlund, is capped by a 
diabase sheet 82 metres thick resting on Upper Jurassic strata. On the 
flank facing Ginevra Bay four sills of diabase are to be seen, the lower¬ 
most at a height of 116 metres above sea-level, the second (27 metres thick) 
at 2$ 5 metres, the third at 392 metres, and the fourth (presumably the above- 
mentioned summit sheet) at 525 metres On the eastern flank a dike is 
seen, the prolongation of which forms the second sill. At the base of the 
mountain a diabase rock rising 43 metres above sea-level projects from 
talus. 


(3) Barents Island. 

Practically nothing is known of the great mass of dolerite which 
forms the northernmost promontory of Barents Island on Helis Sound, 
and the island in the middle of the sound, except that exposures are 
recorded on the Russian Arc of Meridian Expedition map (Backlund (15)) 
Another outcrop occurs in the bay to the south-west. 

Numerous exposures of dolerite are found in the peninsula which 
terminates westward in FSrvaxhng Point. The last-named projection is 
formed by a large dolerite dike which runs nearly east and west. The 
dike is about 800 feet in width, it hades slightly to the south, and 
undisturbed Triassic strata are seen close to its northern margin. It can 
be seen to run inland for about three miles, its southern edge forming a 
black precipitous cliff falling straight into the sea The rock is a coarse, 
uniform dolerite, flne-grained towards the margins of the dike, but with 
little or no internal variation. Backlund (15) also mentions this dike, 
and states that it is joined by another which extends to the south-east, 
and appears to connect the Ginevra Bay exposures with those of the 
Freeman Strait region. But, as is shown below, there is a continuous 
series of sills connecting the two regions. 

Many intrusions of dolerite are to be found along the western coast 
of Barents Island. On the northern side of Vossen Bay the relations are 
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as shown in the sketch section (fig. 2). The dolerite caps the southern 
portion of the high plateau, being let down into this position by a fault 
with a downthrow to the south. From its highest elevation at 800 feet 
above sea-level it sinks in half a mile in one of its branches to sea-level. 
Traced southward it appears to split into three branches. The lowermost 
plunges steeply through the strata with a thin underlying loop (see fig. 2), 
and It can be seen on the shore cutting obliquely across their edges. 



Fig 2 —Sketch section alonj; coast, north side of Vossen Bay, Barents Island. 
Length, about 3 miles 


A second branch crosses the floor of the valley to the south and rises 
gradually until its scarp is seen on the middle slopes of the next valley 
to the south, where it gradually sinks again to sea-level. The third and 
highest branch can be seen at the summit of the plateau on the northern 
side of the valley to the south (not seen in fig. 2), and retains its parallelism 
with the strata. 


On the hillside fringing the coast immediately north of the Duckwitz 
Glacier the occurrence of the dolerite is as shown in fig. 3. The dolerite 



Fig 3 —Sketch lection along coait north of Duckmtz Glacier, Barcnti Island 
Length, about 3 miles 


comes in from the north at a level of about 500 feet, and splits into two 
branches. The upper branch apparently fades out in the strata, but the 
main branch plunges down through the beds nearly to sea-lcvel, and 
then slowly rises as a regular scarp conformable to the strata with a dip 
of about 30° to the E.N.E. 

The Anderson Islands, which arc now almost wholly covered with 
ice owing to the extraordinary recent seaward advance of the Duckwitz 
Glacier (31, p. 240), are known from the work of the Arc of Meridian 
Expedition to be composed of dolente (12). 

A section in a hillside extending east and west on the south side of the 
Duckwitz Glacier is shown in fig. 4. There are here apparently two 
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dolerite horizons, the higher of which is brought down to the plateau 
top by a fault. 

Backlund (15) mentions dikes which pass into sills in the valley south 
of the Duckwitz Glacier, and also a dike with fine columnar structure 
occurring half-way between the Duckwitz Glacier and Cape Barkham. 



Fig 4 —Sechon in hillside south of Duckwitz Glacier, Barents Island 
Length, about I mile 

At C. Barkham and in the adjacent islands there are wide sheets of 
dolerite at or about sea-level Vuyl Island, a mile or two west of C. Bark¬ 
ham, consists of a thick dolerite sill which appears to dip towards the 
north. A specimen from this sill has been selected for chemical analysis 
(see Section III, PETROGRAPHY). 

Krefft Mt., the wide plateau which forms the hinterland of the south¬ 
western corner of Barents Island, is barred by two horizons of dolerite, 
as shown in the sketch section, fig. $ The lower of these is at sea-level. 



Fio. 5.—Sketch section of coastal scarps at S W end of Barents Island. I.ength, about lo miles 


and is probably the inland and eastern continuation of the C. Barkham 
mass. The upper dolerite shows remarkable dike-like transgressions 
across the strata, a feature which is common to all great sill-swarms. 

(4) Edge Island 


The northern coast of Edge Island, bordering the narrow Freeman 
Strait which separates it from Barents Island, is also barred by a dolerite 
E. W. 



FlO. 6 —Sketch lection along Freeman Strait, N.E of C. Lee, Edge Inland 
Length, about 5 milea 


sill (see sketch section, fig. 6). The dolerite occurs on the lip of a gorge 
N.W. of C. Lee at a height of 315 feet above sea-level. On the eastern 
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side of the gorge it makes a sudden upward turn, cutting almost vertically 
through the strata, and emerging at the surface of the 
< plateau. This transgressive jump takes place at a point 

S almost exactly opposite a similar jump on the Barents 

3 Island side of Freeman Strait (see fig. 5), and therefore 
probably represents a change of horizon, possibly along 
a fault, which extends over a wide area. The sill is from 
C 70-80 feet thick, but its base is not seen. About half a 
J mile west of the gorge a dike-like offshoot from the sill 
■g strikes obliquely upward through the strata (fig. 6). 

I In the C Lee district the sill appears to keep to a 
prominent horizon of blue bituminous shales, although it 
^ sometimes behaves irregularly, and makes sudden plunges 
up and down in the strata These changes of horizon 
J cause remarkably little disturbance of the beds. 

<2 At C. Lee a very thick sill of dolerite outcrops at the 
I q ^ shore, and a thinner, less regular sill bars the hillside. 
I I jj- Backlund (15) gives the thickness of this upper sill as 
I about 10 metres. Opposite the anchorage (fig 7) the 
1^5^ thick lower sill throws off branches to north and south, 
1 ^ which appear to unite with the upper sill. A little north 
S of the anchorage the upper sill makes a sudden upward 
jump through the shales and lifts a portion of them to a 
§ higher level, thus making a slight anticlinal structure. It 
S then returns to its former horizon, itself forming a sharp 
, 8 pseudo-anticline. At the top of the arch it gives off a thin 
° dike striking obliquely to the top of the hill, where It emerges 
i I just under the Russian cairn (fig. 7) Backlund (15) also 
‘ J mentions this dike. To the south the lower sill disappears 
Z below sea-level only to emerge again near C Blanck. The 
upper sill also continues southward, keeping to the horizon 
of bituminous shales, and again shows remarkable pseudo- 
g anticlines (fig. 7). It comes to an abrupt end in the valley 
south of the Rosenberg Valley, where it turns up verti¬ 
cally and emerges at the surface as a dike. This disturb¬ 
ance is on the same north to south line as those on the 
shores of Freeman Strait mentioned above. All the sills 
j appear to die out when traced up the valleys in an easterly 
> direction. 

The latter conclusion is confirmed by the work of N. L. Falcon (42, 
pp. 136-37), who has recently studied the extensive dolerite exposures 
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on both sides of Deevie Bay at the south-western comer of Edge Island. 
The islands at the mouth of Deevie Bay, and the Thousand Isles to the 
south, are all composed of dolente. Falcon states that the sills are usually 
about 100 feet thick, and when followed inland, i.e. eastward, transgress 
upward in the geological succession until they die out H. G. Backlund 
(is) has fully described and figured the extensive dolente sills in the 
Whales Point region on the northern side of Deevie Bay. The exposures 
here present all the familiar features of sills jumping from horizon to 
honzon, with oblique connecting dike-like portions and vertical feeding- 
dikes. A. E. Nordenskiold's geological map and sections (3) show three 
“diabase” sills at Whales Point, one forming the base of the cliflf and a 
wide rocky foreshore, the others occurring some way up the cliff, but not 
capping the plateau. Backlund’s plate depicting the mountain at Whales 
Point essentially confirms this interpretation. 

(ill) Ice Fjord and Bell Sound. 

Comparatively little is known of the dolerite intrusions in this extensive 
region. Five principal areas may be distinguished: (i) the southern 
termination of the peninsula known as Andr^e Land, between Ekman 
Bay and Dickson Bay; (2) the southern termination of the Dickson Land 
peninsula (Middle Hook and C. Thordsen area) between Dickson Bay 
and Klaas Billen Bay; (3) the northern side of Sassen Bay, including the 
Anser Islands and the area between Anser Point and Gips Bay; (4) the 
southern side of Sassen Bay between C Diabas and Mt. Marmier; and 
(S) the western mountain range between Green Bay and Bell Sound, 
including also areas on the south side of Bell Sound. The distribution 
of the dolerites m the four Ice Fjord regions is best shown on the Geological 
Map of Central Spitsbergen by G. de Geer (18). 

(i) Region between Ekman Bay and Dickson Bay. 

G. de Geer’s map {pp. crt.) shows a single sill of "diabase" on the 
south-eiistern side of the peninsula, which is intrusive into Carboniferous 
sediments. On the south-western side three large spreads of diabase are 
mapped on the low-lying rock platform N.W. of C. Woern. 

A. E. Nordenskiold’s section (7, p. 68) of strata on the eastern side 
of Ekman Bay shows a single sheet of diabase resting upon Carboniferous 
strata, and covered by ice at the summit of the mountain. 

G. de Geer’s map and section of 1919 (27) shows a diabase sill topping 
Mt. Capitolium on the eastern side of Ekman Bay, and transgressing to a 
lower horizon toward the north-east. It cuts the Upper Carboniferous 



300 G. W. Tyrrell and K. S. Sandford, 

limestone and cherts. A. Hoel (22) mentions a sheet of diabase at a 
height of 500-600 metres on Mt. Colosseum on the western side of 
Ekman Bay, 

(2) Region between Dtekson Bay and Klaas Btllen Bay. 

Numerous outcrops are shown on G. de Geer’s map (18) between Mt. 
Middle Hook on the west and Mt. Skansen on the eastern side of the 
Dickson Land peninsula. There seems to be two main horizons of dolerite 
—one near sea-level, and the other high up on the hillsides. They here 
cut Triassic strata. 

A. E. Nordenskiold’s map (3) and accompanying coloured sections 
show a profile indicating two sheets of diabase at C. Thordsen, and a 
thick sheet capping the Carboniferous mountains on both sides of Skans 
Bay, which descends southward to sea-level. Nathorst (19, p. 370) states, 
however, that Nordenskiold’s “diabase” in Mt. Skansen is really the dark 
chert of the Permo-Carboniferous. A section in Nordcnskiold’s paper 
of 1876 (7, p. 126) gives a profile of strata between Cape Thordsen and 
Skans Bay, showing diabase capping the mountain top and also appearing 
disconnectedly at or near sea-level. A vertical feeder-dike is also shown. 
Von Drasche’s section (5, p 192) of Tschermak’s Berg (Middle Hook), 
on the western side of the peninsula, shows two sheets of diabase con¬ 
formably interbeddcd with the Triassic strata. 

The most complete account of the doleritcs in the C. Thordsen region 
is that given by Nathorst (19, pp, 369-73), which is illustrated by many 
instructive sections. All the familiar features of dolerite intrusion are 
here displayed to perfection. Sills transgress obliquely across the strata 
in zig-zag fashion, and throw off numerous small apophyses. Nathorst 
figures a diabase dike 150 metres thick which terminates upward in thick 
lateral apophyses, and has arched the overlying strata in laccolith fashion. 

(3) Northern Side of Sassen Bay. 

De Geer’s map (18) shows a wide spread of dolerite occupying the 
Anscr Islands at the junction of Klaas Billen Bay and Sassen Bay, and 
practically the whole of the low-lying rock platform between C. Anser 
and Gips Bay on the mainland. 

A landing on the Anser Islands and at Gips Hook by one of the 
authors (G. W. T.) was made in 1919. The dolerite has the relations 
shown in fig. 8. The sill is intercalated between the Upper Gypsum 
and the Cyatkophyllum Limestone of the Carboniferous. Starting at 
mid-slope in Gips Valley it makes a monoclinal flexure which brings it 
down to sea-level at C. Anser, disappearing below sea-level in the Anser 
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Islands. The upper surfaces of the islands consist of fine-grained rock 
and are probably near the original upper contact of the sill, which, judging 
from the contraction fissures, must have dipped about 5° to the west. 
The sill ends very abruptly to the south-east at the mouth of Gips Valley. 
It must end equally abruptly to the north, for it cannot be traced far 
north of C. Anser. The sill doubtless ends off at a N.-S line of disturb¬ 
ance which IS indicated on the more recent geological maps (map, Plate) 
and of which traces can be seen in the coastal cliffs of Klaas Billen Bay. 
Columnar structure is well developed in the Anser Islands. 


CyilhtphyllBB 

LlKtitan* 



Fig 8.—Sketch lecbon at C. Anaer, Sassen Bay. Length, about 3 mile*. 


(4) Southern Side of Sassen Bay. 

De Geer's map (i8) shows numerous outcrops of diabase between 
C. Diabas and Mt. Marmier. At. C. Diabas and to the west there is a 
wide spread of the igneous rock at sea-level At Mt. Triabas there are, 
as the barbarously-composed name indicates, three sills, one of which 
caps the mountain. Two sills arc mapped east of De Geer Valley, but 
only one on Mt. Marmier. One of the authors (G. W. T.) has sketched 
E.&E WJIW. 



Fio 9.—Dolentc (carps on south shore of Sassen Bay, as seen from C. Anser 
Length, about lo miles 

the dolerite outcrops in the region about C. Diabas and De Geer Valley 
as seen from Anser Island (fig. 9). For the possible connection of the 
Sassen Bay dolerites with those of the Stor Fjord region see p. 294 

(5) Region about Bell Sound, stretching Northward to Ice Fjord. 

De Geer’s map (18) shows a thin sill of diabase conformably inter- 
bedded with the steeply inclined Permian rocks on the western side of 
Green Bay, just south of Ice Fjord. A. E. Nordenskibld's section of 
this locality (7, p. 67) shows three sills of diabase interbedded with 
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Carboniferous strata dipping steeply to the east. The diabase is stated to 
contain “pretty large feldspar crystals.” 

Nordenskidld’s geological section of 1867 (3) shows a sheet of diabase 
intercalated in nearly vertical Carboniferous strata in a section west of 
the Frithiof Glacier on the northern side of Bell Sound. His geological 
map shows m addition exposures of diabase at Middle Hook, the peninsula 
separating Van Mijens Bay and Van Keulen Bay, and also at the head 
of Recherche Bay on the south side of Bell Sound. 

Nordenskiold’s later work (7, p. 67) gives a puzzling section along the 
northern shore of Van Mijens Bay east of the Frithiof Glacier, which 
shows an enormous sheet of diabase tilted in conformity with the steep 
eastern dip of the Carboniferous and Permo-Carboniferous strata, and, 
in a neighbouring mountain, transgressing almost horizontally across 
their upturned edges. 

(iv) Wyches Islands {King Charles Land). 

This group of islands lies about 45 miles south-east of C. Mohn at 
the south-eastern corner of North-east Land. It consists of three main 
islands—Swedish Foreland, King Charles Island (Jena Island), and Abel 
Island, besides a number of smaller ones. The principal sources of 
information on its geology are a*paper by Nathorst (13), which is sum¬ 
marised m his general memoir of 1910 (19), and a paper by Hamberg (i 1). 
The geology of the islands is very simple; they consist of horizontal or 
gently inclined Jurassic and Neocomian strata, the latter interbedded with 
and capped by basaltic lavas. Dikes and sills of dolerite arc also found 
cutting the underlying strata. The preservation of the islands is due to 
their extensive capping of basaltic lava which has protected the soft 
Mesozoic strata from severe erosion. True sills occur m the Norden- 
skibld and Johnsen Mts. Nathorst gives a section of the former, showing 
a sill splitting into two thinner branches Dikes occur, at least partly, 
in connection with faulting. Nathorst states that the eruptions of basalt 
probably took place at the same time as those in Franz Josef Land, i.e. 
between the end of the Jurassic and the beginning of the Cretaceous. 

(v) Frans Josef Land. 

This archipelago, consisting of 19 large islands and numerous smaller 
ones, extends over an area of 20,000 square kilometres, and is situated 
about 100 miles to the E.N.E. of the Spitsbergen archipelago. Its 
geology (8, 9, 10, 30, 47, 48) is essentially the same as that of the Wyches 
Islands. It consists of a fragmented plateau land of horizontal Jurassic 
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and Neocomian strata rising 400-600 feet above sea-level, and capped 
by 500-700 feet of basalt lavas. To the north the basalts thicken and a 
slight northerly dip finally brings them down to sea-level. Koettlitz 
(9, p. 633) states that the lavas occur in layers or tiers varying in thick¬ 
ness from 10 to 70 feet. Plant remains from sediments mterbedded with 
the basalts, identified by Nathorst as of Upper Jurassic affinities, led 
Koettlitz to regard the flows as of Upper Jurassic age.* From the scanty 
evidence available there is some reason to suspect intrusive sills in the 
lower part of the sedimentary series. 

III. Petrology. 

1. History of Investigation. 

The dolentes of Spitsbergen were first described by the French in¬ 
vestigators under E. Robert (2) as “s^lagite ou .syenite hyperstheniquc ” 
A. E. Nordenskiold (3) substituted the term hyperite for selagite, and 
stated that the rock consisted of an “even and rather fine-grained, dark- 
brown mixture of greyish-green labrador, hypersthene, and specular iron 
or ilmenite ’’ His erroneous notion as to the origin of this rock is men¬ 
tioned on p. 288. 

The microscopic petrography of Spitsbergen dolentes (diabases) and 
basalts began with R. von Drasche (5), but F. Zirkel (4) had already 
corrected the mistaken identification of the diabases as hyperite or 
hypersthenite. Von Drasche described diabases from Tschermak’s Berg 
(Middle Hook) and Norwegian Valley on the C. Thordsen peninsula, the 
Anser Islands in Sassen Bay, the Frithiof Glacier in Bell Sound, and 
from C. Staratschin near Green Harbour in Ice Fjord. He also briefly 
described a diabase from Prince Charles Foreland, which is more probably 
one of the greenstones contemporaneous with the Hecla Hoek Series of 
that island (34, p. 465). Von Drasche noted the abundant occurrence 
of titaniferous iron ore in the diabases, and, because of the crystalline 
constitution and uniformity of the rocks, dismissed Nordcnskiold’s view 
that they represented altered beds of ash and tuff. Nordenskiold, however, 
still adhered to practically the same view in 1876 (7, p 125), although 
he had by then adopted the term diabase for the Spitsbergen rocks in 
deference to Zirkel’s opinion. He nevertheless thought that dolerite was 
* G. Horn (47, p. 9), however, states that the age of the highest sediments, with 
Gtngko polarts Nathorst, is uncertain. In view of the unreliability of plants as indicators 
of geological age, of the established Lower Cretaceous age of the basalts and associated 
sediments in the Wyches Islands, and the occurrence of a plant-bearing Continental 
Senes in the Lower CreUceous of Spitsbergen itself, the authors venture to believe that 
the basalts of Franz Josef Land in all probability are of the same age. 
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the more correct designation (7, p. 122). A. E Tdmebohm (6) described 
some diabases from Bell Sound, Ice Fjord, and Treurenberg Bay. 

No further work appears to have been done on the petrology of Spits¬ 
bergen dolerites until the twentieth century, but in the interval Sir J. J. H. 
Teall (8, 10) had described the Mesozoic basalts of Franz Josef Land, 
and A. Hamberg (ii) the basalts and dolerites of King Charles Land 
(Wyches Islands)—^valuable papers providing microscopical data and 
chemical analyses which show the affinities of these effusive rocks with 
their contemporary intrusive representatives in Spitsbergen. 

In 1905 D. L. Bryant (14) in his thesis on Spitsbergen petrography 
described certain basic igneous rocks to which, on account of their fresh 
appearance and their general habit, he preferred to apply the term dolerite 
rather than diabase, but he omitted to mention the localities whence his 
specimens were derived. 

In 1907 appeared H. G. Backlund’s two most valuable memoirs—the 
first on the diabases of eastern Spitsbergen (15), describing the material 
collected on the Russian Arc of Meridian Expedition; the second describing 
further material from other localities in Spitsbergen, and basalts from 
King Charles Land and Franz Josef Land (16). Backlund made close 
mineralogical determinations of the plagioclases and pyroxenes, the latter 
being found mainly in two different forms, namely, the "enstatite-augite" 
of Wahl, and basaltic augite or titanaugite. To Backlund also belongs 
the credit of establishing the occurrence of olivine and quartz side by 
side in the Spitsbergen dolerites (15, p 25). 

In 1911 A. Hoel and O. Holtedahl (20) dealt with the geology of the 
sheets of basaltic lava which were found lying upon a supposed Cretaceous 
peneplain between Wood Bay and Wijde Bay in the north of Spitsbergen. 
V. M. Goldschmidt (21) described the petrography of these rocks. A Hoel 
(22) offered some new observations on this lava field, with petrological 
determinations by V. M. Goldschmidt. 

In his work on the basaltic rocks of Arctic regions Professor A. Holmes 
(25) described a dolerite from Sassen Valley and a basalt from Hooker 
Island, Franz Josef Land, both rocks being analysed by Dr. H. F. Har¬ 
wood. Finally, further analyses and descriptions of Spitsbergen dolerites 
have been provided in a work on Spitsbergen soils by E. Blanck, A. Rieser,. 
and A. Mortensen (40). 


2. Petrography. 

This section is based on the study of thirty-nine thin slices cut from 
specimens obtained from fourteen different localities, ranging from the- 
Anser Islands to C. Lee, Edge Island. 
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For purposes of petrographical description the dolerites of Spitsbergen 
may be grouped in four main classes: 

A. The normal medium- to fine-grained rocks which constitute the 

greater part of all the intrusions. 

B. The coarse gabbroidal and pegmatitic types which occur in the 

interior parts Of the larger sills and massive intrusions. 

C. The dense, often slightly porphyritic, basaltoid, contact rocks. 

D. The "white traps"—endomorphic modifications due to intrusion 

into carbonaceous and calcareous rocks. 

A. Normal Medtum- to Ftne-Grained Types .—The following descrip¬ 
tion is based mainly on thin slices of the analysed rock from Vuyl Island 
(Barents Island), but it is fully representative of the type which makes up 
the greater part of the sills and other intrusions. These arc grey, medium- 
to fine-grained granular rocks, in which shining cleavage faces of plagio- 
clase laths stand out prominently against a dark grey background of 
pyroxenes and iron ores. In thin section the rocks are seen to be built 
of a plexus of laths of plagioclase in ophitic relations with pyroxenes, 
interspersed with skeletal crystals and rods of titaniferous iron ore, and 
involving patches of imperfectly crystallised mesostasial matter. Very 
occasionally a group of large plagioclase laths offers a kind of phenocrystic 
development, but typically the rocks are non-porphyritic. 

From extinction measurements on Albite and Carlsbad twinned 
crystals the larger feldspars appear to be bytownites of composition 
An 71-74, whereas the smaller laths which are in ophitic relations with 
the pyroxenes are more sodic, ranging about An 55 (acid labradorite) 
The pyroxene is a pale, purplish-brown variety occurring in irregular 
plates. It is of variable but on the whole rather low optic axial angle, 
and thus approximates to the enstatite-augite or pigeonite series of mono¬ 
clinic pyroxenes. Many crystals show the peculiar radial structure 
described by Backlund, indicated by a wave-like extinction passing over 
the apparently homogeneous plate in the form of an arm rotating round 
a point, just as in a spherulite. Titaniferous magnetite, or perhaps 
ilmenite, in the form of skeletal aggregates involved with the pyroxenes 
in mutual growths, or in long rods which penetrate crystals and mesostasial 
areas alike, occurs in comparative abundance. A few irregular areas of 
red, non-pleochroic serpentine enclosed in the pyroxenes attest the former 
presence of olivine. The mesostasial matter is collected in rather large 
irregular areas, and is comparatively sparse in the intervening spaces. 
It consists of tiny plagioclase laths, small crystals of quartz, much chloritic 
material, grains of pyroxene altered with the formation of scraps of brown 
hornblende and biotite, many needles of apatite, and irregular fragments 

r.a.8.E.-^0U Ull, 1933-331 fAllT IV. 30 
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of iron ore, all imbedded in an ill-defined altered feldspathic base which 
is probably alkali-feldspar. In some rocks {e.g. C. Dufferin and Mt. 
Johannsen) the base is definitely glassy. 

B. Coarse Gabbroidal and PegmaHttc Varieties .—The analysed rock 
from the Aik Range is coarser than that from Vuyl Island, and exhibits 
fresh olivine m conjunction with much micropegmatite. It is the first 
term m a series of rocks of increasingly coarse grain, which culminates 
in a pegmatitic type rich in quartz, hornblende, and biotite. The analysed 
rock IS not itself pegmatite, but may be regarded as a transitional variety 
between the common type described above and the pegmatitic types. 
The coarse pegmatitic varieties, however, are abundantly represented in 
the Aik Range, and the following description is mainly drawn from the 
study of thin sections from this great exposure. 

The rocks are medium- to coarse-grained, of gre3nsh colour, and gab- 
broidal appearance. In thin section the chief differences from the above- 
described rocks consist in their coarser grain, the greater abundance of 
quartz in the form of micropegmatite, and the appearance of a second, 
nearly colourless, pyroxene, which, while often in optical continuity with 
the common pyroxene, is virtually uniaxial, and no doubt represents the 
extreme iron- and magnesium-rich end-member of the diopside-pigeonite 
series. The appearance of this pyroxene in rocks, which must be regarded 
as later differentiates of the dolerite magma, accords with Barth’s observa¬ 
tion * that the early-formed phenocrystic pyroxenes of basaltic (and 
dolentic) magmas are enriched in the lime or wollastonite molecule, whilst 
the late-formed groundmass pyroxenes are enriched in the iron (hyper- 
sthene) and magnesium (enstatite) molecules. A similar variation of 
composition has been noted in the pyroxenes of the Karroo dolerites of 
South Africa.f 

The uniaxial augite differs from the common type of augite in its 
slightly higher refractive index, its relative freedom from cleavage, and in 
Its liability to alteration. In the most acid rocks of all a diallagic pyroxene, 
in which a central parting and twinning parallel to loo and a close basal 
striation produce a characteristic “herring-bone” structure, comes in 
abundantly. While differing in habit this pyroxene does not seem to 
differ notably in chemical composition and optical characters from the 
common pyroxene of the dolentes. 

Large irregular crystals of fresh olivine enveloped in red serpentine 
occur in the comparatively fine-grained analysed rock from the Aik 

* T. F. W. Barth, “Crystallisation of Pyroxenes from Basalts,” Amer. Mineralogist, 
vol XVI, 1931, pp 195-208. 

t R. A. Daly and T. F. W. Barth, Gnl. Mag,, vol. Ixvti, 1930, p. 105. 
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Range, but these completely disappear in the coarser gabbroidal and 
pegmatitic types. In this rock there is no clear evidence of the transforma¬ 
tion of olivine into pyroxene, although in the common fine-grained types 
the serpentinised remains of olivine are almost invariably enclosed in the 
pyroxene plates. The olivine in the Aik Range rocks co-exists with 
abundant quartz, and we therefore have a perfect example of Bowen’s 
reaction principle in operation. As Bowen shows, it is not necessary to 
prove the actual transformation of olivine into pyroxene in order to 
establish the reaction relation between them • Both minerals may 
appear as perfectly formed crystals, the magmatic liquid dissolving 
olivine at the appropriate stage and precipitating further pyroxene. The 
enrichment of the later pyroxenes in iron and magnesium may then be 
ascribed to the renewed availability of hypersthene and enstatite molecules 
in the magmatic liquid owing to the re-solution of olivine, and a relative 
deficiency of the lime molecule because of the early formation of diopsidic 
pyroxene and lime-soda feldspars. Some of the basic feldspars preceded 
the olivine in crystallisation, as is shown by the enclosure of plagioclase 
laths in one of the largest olivine crystals of the Aik Range rock. 

The gabbroidal and pegmatitic types of the Aik Range contain large 
amounts of quartz in micropcgmatitic intergrowth with alkali-feldspar. 
The micropegmatite occupies large interspaces between the feldspars and 
pyroxenes and is associated with chlorite, biotite, and brown, pale green, 
deep green, and bluish varieties of amphibole. Biotite is especially well 
developed in contact with skeletal masses of iron ore, but it is also formed, 
in conjunction with chlorite and the pale green variety of amphibole, by 
the alteration of pyroxene. A reddish biotite, and the deeply coloured 
green and blue varieties of amphibole, occur within and on the margins 
of the areas of micropegmatite, especially where these come into contact 
with pyroxenes and iron ores. It is well known that the late acid diflFeren- 
tiates from quartz-dolerite magmas, as shown by the composition of the 
acid veins which are found traversing many of these rocks, are decidedly 
sodic.t It may be inferred that the deeply coloured green and blue 
amphiboles are the products of reaction between the sodic residual magmas 
and the earlier pyroxenes, whilst the red biotite is formed by similar 
reactions when the titaniferous iron ores are also present. 

C. Marginal Varieties .—^Towards the contacts of the sills and dikes 
the grain becomes progressively finer, the ophitic texture is gradually 
lost and is replaced by intergranular and finely intersertal texture, the 

* N. L. Bowen, Tbe Evolution of Igneous Rocks, 1928, p 58. 

t J. D. Falconer, "The Igneous Geology of the Bathgate and Linlithgow Hills," 
Trans. Roy. Soc Edtn., vol. xlv, pt i, 1905-6, p. 137. 
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rocks become sparsely porphyritic with feldspar, olivine disappears, and 
titanifcrous iron ore becomes evenly dispersed throughout the rock in the 
form of thin skeletal rods. The non-appearance of olivine is due to rapid 
cooling at the margins, and shows, as also do the norms (Table II), 
that olivine is not a normal constituent of these rocks, and only appears 
as a result of slow cooling and the partial inhibition of reaction. 

D. The "White-trap" Modification —The sills which pienetrate the 
Triassic and Jurassic rocks show a decided preference for horizons of 
carbonaceous rocks, a feature which also characterises the Karroo sill- 
swarm of South Africa (p. 314). Dr A. L. du Toit has even suggested 
that the gases given off by the carbonaceous shales and coals have tended 
to facilitate the penetration of the molten rock along such horizons, 
acting as high-pressure wedges in front of the advancing magma. At 
any rate, contact with the carbonaceous materials has a very marked endo. 
metamorphic effect on the dolerite, reducing the iron in the magma to a 
soluble condition, causing the replacement of the ferro-magnesian minerals, 
and ultimately the feldspars, by carbonates of calcium, magnesium, and 
iron, and thus producing the well-known bleached rock known as “white- 
trap ’’ Such bleached and softened rocks have been formed on the margins 
of many of the Spitsbergen sills, as at C. Dufferin (p. 293), C. Lee, and 
Wahlenberg Bay, North-east Land (p. 291). Backlund has thoroughly 
discussed a white-trap from the sill at Mt Edlund from the chemical 
point of view (15, pp. 28-9). The chemistry of ordinary W’eathering in 
Spitsbergen diabases has been described and discussed by E. Blanck, 
A, Rieser, and H. Mortensen (40, pp. 675-79). 

3. Chemistry. 

New analyses have been made for this work by Mr F. Herdsman 
of the normal ffne-grained dolerite of Vuyl Island (Barents Island), and 
of the medium-grained dolerite of the Aik Range, Hinlopen Strait. In 
Table I, together with the above-named, there are collected all the 
“superior” analyses of Spitsbergen dolerites which we have been able to 
find. There are several old and “inferior” analyses in the literature which 
it is now expedient to consign to oblivion. For comparison with the 
intrusive rocks we have also assembled “superior” analyses of the corre¬ 
sponding lavas of undoubted Lower Cretaceous age from the Wyches 
Islands and those of less certain age from Franz Josef Land, as well as 
an analysis of the basaltic lava which rests on the Wood Bay peneplain. 
The norms of these analyses are assembled in Table II, together with 
the symbols of the analyses in the C.I.P.W.* method of indexing. 

♦ Cross, Iddings, Pirsson, Washington. 
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Of the eight utilisable analyses of Spitsbergen dolerites (Table I, 1-8) 
the first three are the most recent and the most reliable, and Dr H. F. 
Harwood’s analysis of the Sasscn Valley rock is by far the most complete. 
Backlund’s analyses (Table I, S~8), which were made twenty-five years ago, 
are inferior to the above in that the alumina is almost certainly too 
high, whilst ferrous iron and titania are almost certainly too low. In the 
calculation of the norms (Table II, 5-8) this results in too high anorthite 
giving an exaggerated basicity to the plagioclase feldspars, and in two 
examples even leaving a residue of free alumina. Also, since all the lime 
is used up in forming anorthite from excess alumina, no diopside can be 
calculated from three of the analyses. Notwithstanding these deficiencies 
the Backlund analyses broadly confirm the results arrived at mainly from 
consideration of the three recent analyses. The analysis from Blanck, 
Rieser, and Mortensen’s work (Table I, 4) is low in magnesia, soda, and 
titania compared with the first three analyses, and is reported to contain 
the extraordinary amount of 4-10 per cent, of MnjOi. The authors state 
(translation): "The rock is a normally developed, rather fresh diabase 
of black colour, on the joint-planes of which occurs a thin coating of iron 
oxides." From the context it seems probable that the specimen was 
taken immediately below a sandy decomposed surface material which, 
from the analyses given, is progressively impoverished in manganese oxide 
towards the surface. Hence ferrous and manganiferous solutions may 
have filtered through the joint-planes of the underlying sound rock, and 
have deposited the oxides on the sides of the fissures Apart from this, 
Blanck, Rieser, and Mortensen’s analysis agrees closely enough with the 
first three to be used in conjunction with them m discussion of the chemistry 
of Spitsbergen dolerites. It is noteworthy that two of the dolerites from 
Barents Island (Table I, 2, 7) are comparatively rich in MnO. 

From consideration of the analyses and norms in Tables I and II it 
is clear that Nos. i and 2 go together as only slightly over-saturated rocks, 
and Nos. 3 and 4 as definitely over-saturated rocks with from 7 to 10 
per cent, of free silica. Nos. 3 and 4 are also richer in the salic molecules 
(nearly 60 per cent.) as against the little more than 50 per cent, of Nos i 
and 2. It is reasonable, therefore, to suppose that analyses 3 and 4 were 
executed upon rocks (both from Sassen Bay region) somewhat more 
advanced in differentiation than Nos. i and 2, which are from eastern 
localities. From the considerations advanced on p. 306 it might there¬ 
fore be expected that the hypersthenc-enstatite molecules would be 
relatively more abundant with respect to the diopside molecule in Nos 3 
and 4 than in Nos. i and 2. Actually only the norm of No. 4 shows 
this feature, and Dr Harwood’s analysis, probably the best of the series. 
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fails to show it. The fact illustrates, perhaps, the limitations of the norm 
method of analysing the physico-chemical conditions of differentiation 
rather than that the principle of the enrichment of the latter differentiates 
in the ferro-magnesian pyroxene molecules is wrong. 

Disregarding the MgO and TiOj of analysis 4, Table I, which are 
almost certainly too low, also disregarding the Mn,04 value, we may 
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I QuHiix-olivinc-dolcnte, Aik Range, Hinlopcn Strait, Spitsbergen Analyst, F Herdsman, 
A R.S M New aii^ysii 

2. Quartz-olivine-dolente, Vuyl Island, Barents Island, Spitsbergen. Analyst, F. Herdsman. 
New analysis 

3 Dolente, Sassendal, Spitsbergen Analyst, H F Harwood. Quoted from A Holmes 

(35, p 3 o8) Summation incorrectly stated as ioo-03 in original, and modified as follows: 
“less O for S, 09,9983” "Rest” includes V*0„0'OS, BaO, 0-03; SrO, 0-05, Cr, 0 „ 
none, Cl, tr 

4 Diabase, C Diabas, Sassen Bay, Spitsbergen Quoted from Blanck, Rieser, and Mortensen 

(40, p 676) *Mn,04, 4'io; organic substances, tr. 

5 Diabase, Fdrvaxhngs (Changing) Pomt, Barents Island, Spitsbergen Analyst, H G. 

Backlund Quoted from Bacldund (15, p. 21). Summation incorrectly stated as ioo-43 
in original. 

6 . Diabase, foot of Mt Hellwald, Stor Fjord, Spitsbergen Analyst and reference as in 5. 

7. Diabase, dike near Duckwits Glaaer, Barents Island, Spitsbergen. Analyst and reference 

as in 5 

8. Diabase, Anderson Islands, Barents Island, Spitsbergen, Analyst emd reference as In 5 

9. Basalt lava, C Weissenfels, King Charles Land (Wyches Islands). Quoted from A Ham- 

berg (ii, p 523) 

10. Basalt, C. Flora, Frans Josef Land. Analyst, J. J. H. Teall Quoted from E T. Newton 

and J. J. H Teall (10, p 647). 

11. Basalt, Hooker Island, Frans Josef Land. Analyst, H. F. Harwood. Quoted from A. 

Holmes (25, p. 210). “Rest” mcludes: Cr, 0 „ 0-02; V, 0 |, o-o6; BaO, tr,; SrO, none; 
Cl, none. 

12. Basalt, C. Augustus Victoria, Wood Bay, Sjdbbergen. Anal^t, Dittnch. Quoted from 

V. M. Goldsdimidt (31) and from A. HoIims (at, p 306). ^e figures recorded are the 
mean of two closely accordant analytes “Rest” includes: Cr, 0 |, 0-02. 
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in Table I. 


4(5) 
, 3 (4) 

(3)4 


compute the average composition of Spitsbergen dolerites from the first 
four analyses of Tabic I. Backlund's analyses are left out of account 
for the reasons stated above (p. 309). The average obtained is shown 
in Table III, i. 

Turning now to the four analyses of the contemporaneous lavas, their 
very close similarity to those of the dolerites is to be noted. The chief 
differences are in MgO, which is higher in the lavas, and in the propor¬ 
tion of soda to potash, which is again higher in the lavas, total alkalis, 
however, remaining much the same. In a word, the lavas are more sodic 
and more femic than the dolerites, a feature which is clearly reflected in 
the norms and in the index symbols The above chemical differences 
are characteristic of the relations of basaltic lavas and the corresponding 
dolerites and gabbros in many parts of the world. They probably indicate 
that the basalts represent the parent magmas more closely than the 
dolerites, the latter having advanced a stage in differentiation.* The 
analysis given in Table III, 5, represents the average of the four basalt 
analyses of Table I, 9-12. 

Comparison of the average Spitsbergen dolerite and basalt with 
♦ See G. W. Tyrrell, Principles of Petrology, 2nd ed , 1930, p. 107 
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dolerites and basalts of corresponding Mesozoic or near-Mesozoic ages 
from many localities, which is carried out in Table III, reveals an amazing 
degree of similarity m all respects. The Spitsbergen dolerites are there 
compared with the average Karroo dolerite of South Africa, the Gon- 
dwana dolerites of South America (both of Mid-Mesozoic age), and the 
North British quartz-dolerite suite (Late Palaeozoic or possibly Early 
Mesozoic). The great similarities in mineral and chemical composition 


Tabik III— Average Analyses of Dolerites and Basalts 
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1. Average Spitsbergen dolente, computed from four analyses (Table I, 1-4). 

3. Average Karroo dolente, computed from five analyses. Quoted from R. A Daly 
and T. F. W. Barth, Geol. Mag., vol. Ixvii, 1930, p. lOl. 

3. Average Gondwana dolente of South Amenca, computed from five analyses 

Analyses obtained from K. Walther, Jmt Geol Perforof. Montevideo, Bol No 9, 
1927. (A study of the nine analyses of intrusive dolentcs recorded m this paper 
shows that they fall into two groups, one which corresponds to the dolentes of 
South Afnca, and another rather more acid group with SiOg about 56 per cent) 

4. Average of thirty North Bntish quartz-dolentes—twenty-six from the Whin Sill, 

four from Midland Valley of Scotland Compiled from works by J Smythe, 
A. Holmes, S I Tomkeieff, J. J.H.Teall.J D Falconer, G I. Finlayson, F Walker, 
and G W Tyrrell See references given on p 314 

5. Average Spitsbergen basalt lava, computed from four analyses (Table I, 9-12). 

6. Average Deccan basalt lava, computed from sixteen analyses, of which eleven are 

given in H. S Washington’s “Deccan Traps and Other Plateau Basalts,’’ Bull. 
Geol. Soc Amer , vol. xxxiii, 1922, p. 774. The remaining five are unpublished 
analyses in the possession of one of the authors (G W T ). 

7. Average Karroo basalt lava, computed from six unpublished analyses from Southern 

Rht^esia by Mr E Golding* and one from Natal published by A L. Rogers and 
S Haughton, Trans. Roy Soc. S. Afrua, vol xi, 1924, p 345 

8. Average of eight analyses of “non-porphyntic central’’ or “ tholeiitic” magma type 

of the British Tertiary province. Computed from the first cigljt analyses of Table 
II, p. 17, in “The Tertiary and Post-Tertiary Geology of Mull, L. Aline, and 
Oban,” Mem. Geol. Surv Scotland, 1934. 


* We are greatly indebted to Mr H. B Maufe, Director of the Geological Survey of 
Southern Rhodesia, for transmitting these analyses to one of us, and permitting their use. 
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between the quartz>dolerites of the world, and especially those of Mesozoic 
ages, were noted by one of us as early as 1909.* The similarities extend 
to the great suites of Late Pre-Cambrian quartz-doleritcs in Scandinavia 
and Canada. This is obviously a fact of world-wide importance which 
has to be taken into account in any theory of petrogenesis. 

The basaltic lavas associated with the Mesozoic or near-Mesozoic 
quartz-dolerite intrusions, whilst showing the constant difference of com¬ 
position noted above, nevertheless amongst themselves exhibit the same 
astonishing degree of similarity. This point is illustrated in Table III, 
average analyses Nos. 5-8, in which the average Spitsbergen basalt is 
compared with the average Deccan basalt of Late Mesozoic or Early 
Kainozoic age, the average Karroo basalt of Mid-Mcsozoic age (probably 
Early Jurassic), and “non-porphyritic central” or “tholeiitic” magma 
type of the British Kainozoic province. The chemical type of basalt 
exhibited here is quite different from the plateau type, as has been pointed 
out in the Mull Memoir (pp. ctt, supra), and in recent papers by Dr 
W. Q. Kennedy.f It represents an over-saturated type of basalt which 
differentiates towards a granitic or granophync end-product. The 
plateau basalts, on the other hand, represent an under-saturated magma 
type which, by differentiation, leads to distinctly alkaline trachytic end- 
products. If the Spitsbergen basaltic magma type of Lower Cretaceous 
age may be regarded as a forerunner of the great basaltic eruptions within 
the North Atlantic region during the Early Kainozoic, its chemical and 
mineral similarity to the "tholeiitic” or over-saturated type of the British 
Kainozoic province may perhaps be regarded as evidence confirmatory 
of Dr Kennedy’s view that the latter, and not the plateau-magma type, 
was the parent magma of the province. 

4. Comparisons with Other Regions of Mesozoic Activity. 

The petrographic similarities between the dolcntic intrusions and the 
accompanying basaltic lava flows of different Mesozoic or near-Mesozoic 
occurrences throughout the world have been noted and discussed above. 
Further comparisons with regard to geological occurrence and modes of 
intrusion, etc., may now be made The Mesozoic is often thought of as 
a quiet era of sedimentation and abundance of life, and as relatively free 
from igneous activity compared with the Pal«ozoic or the Kainozoic. 
Yet, in the southern hemisphere especially, igneous action took place in 

* G. W. Tyrrell, Geol. Mag., vol xlvi, 1909, p 363. 

t “The Parent Magma of the Bntish Tertiary Province," Summ Prog. Geol Surv. 
for 1930, pt ii, 1931, pp. 61-73: “Trend* of DifferenUation in Basaltic Magmas,” Amer. 
Joum. Sci., vol. XXV, 1933, pp. 339-256. 
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the Mesozoic on an enormous scale. In time this activity ranged from 
the latest Palaeozoic, through the Mesozoic, into the early part of the 
Kainozoic era, and occurred mainly in the kratogenic or stable blocks 
of the earth’s crust, although orogenic igneous activity also occurred 
especially in the mountainous backbone of the two Americas (Alaska, 
Sierra Nevada, Andes) Great floods of baisaltic lava broke out in South 
Africa and in the southern parts of South America, the underground 
manifestations of which were the vast sill- and dike-swarms of those 
regions Igneous activity of the same type and the same age also occurred 
in Peninsular India, Tasmania, and Antarctica. In the Triassic a basaltic 
flood took place in New Jersey, and was accompanied by a great dike- 
and sill-swarm which is found in most of the eastern states of the United 
States. In the very earliest part of the above-mentioned period there 
was intruded in the North of England and the Midland Valley of Scot¬ 
land a great swarm of quartz-dolerite dikes and accompanying sills, but 
without a surface volcanism so far as is known * 

Only two of the above-mentioned dike- and sill-swarms have been 
studied in close detail—the Karroo Swarm of South Africa, f and the 
North British Swarm.{ In each of these regions the familiar features 
of sill-swarms are as w'cll exemplified as in Spitsbergen—the occasional 
jump to higher or lower horizons along faults or other types of fracture 
or flexure, the connection with dikes both as feeders and as offshoots, 
and the preference for shale or coal horizons as the channels of intrusion. 
The petrographic resemblances are very striking, as has been shown above. 

IV. Age and Geological Relations. 

I. of the Dolertte Intrusions. 

The dolerite sills and dikes of Spitsbergen cut rocks ranging in age 
from Hecla Hoek (Hinlopen Strait) to Lower Volgian ( = Upper Jurassic) 
at Cape Dufferin, Stor Fjord. They have never been found cutting 
* For further details, see G W Tyrrell, (Home University Library), 1931, 

pp 191-194, 307; and Geol Mag,, vol. xlvi, 1909, pp 363-364. 

t A. L. du Toil, “The Karroo Dolentes of South Afnca' A Study in Hypabyssal 
Injection,” Trans. Geol. Soc S Africa, vol. xxiii, 1920, pp. 1-42 

{ The North Bntish quartz-dolentes are covered by an extensive hterature, amongst 
which the following may be mentioned' G. W. Tyrrell, “Geology and Petrology of the 
Intrusions of the Kilsyth-Croy Distnct, Dumbartonshire,” Geol. Mag., vol. xlvi, 1909, 
pp. 299-309, 359-366; “The Geology of the Glasgow District," Mem. Geol. Surv. 
Scotland, and ed , 1935, pp. 1S3-159.186-188; A. Holmes, “The Age and Composition 
of the Whin Sill and the Related Dikes of the North of England," Mtn. Mag., vol. xxi, 
1938, pp. 493-542; J A. Sniythe, “A Chemical Study of the Whin Sill,” Trans. Nat. 
Htst. Soc. Northumberland, Durham, and Newcastle-on-Tyne, vol. vii, pt. i, 1930, 
pp. 16-150. 
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Upper Cretaceous or Tertiary strata, but it is uncertain whether intrusive 
members of the suite cut Lower Cretaceous rocks in Thumb Point Island. 
Since the series of intrusions is unitary and homogeneous m respect both 
of geological relations and petrographical characters it is reasonable to 
assign it to a Late Jurassic or Early Cretaceous date. Confirmation of 
this view is to be found in the existence of basaltic lavas which are clearly 
the effusive equivalents of the dolcrite intrusions (see Section III), inter- 
bedded with unbaked Lower Cretaceous sediments on Thumb Point 
Island in Hinlopen Strait (G. de Geer (33)). Identical basalts are also 
found resting upon a well-marked plane of erosion at Mt. Bifrost, near 
the head of Lomme Bay, and on both sides of Wood Bay (G. de Geer (27), 
map: Sandford (35), p. 651). This is the peneplain of marine erosion 
to which De Geer has assigned an Early Cretaceous age (27), but which 
may partly coincide with Carboniferous base-levelling. In his discussion 
of the evidences of age A. Hamberg (ii, p. 527) assigns the basalts of 
Wyches Islands to the period between Jurassic and Early Cretaceous, 
and believes them to be contemporaneous with the basaltic lavas of Franz 
Josef Land. A. G. Nathorst comes to the same conclusions (13) The 
authors believe, therefore, that the dolerites and the accompanying basalt 
lavas are satisfactorily dated as between Jurassic and Lower Cretaceous. 

2. Morphology and Modes of Intrusion. 

The majority of the dolerite intrusions of Spitsl^ergen occur in the 
form of wide-spreading sills, some of which have been’followed for more 
than forty miles (Wahlenberg Bay) Thicknesses which have been 
measured vary from 35 feet(C. Lee; Backlund (15)) to 300 feet (Wallen¬ 
berg massif, Stevens, p. 294), but the greater number range from lOO 
feet to 150 feet. Thin dikes are associated with the sills as offshoots in 
disturbed zones, and as connections between sills on different horizons 

Even more massive intrusions occur in the region about Hinlopen 
Strait. There is some evidence for the view that these enormous masses 
are vertically sided and that they have risen as stocks or perhaps ring- 
dikes through the strata. In one case at least (Aik Range), sills appear 
to have been thrown oflf in "cedar-tree” fashion from a thick stocky 
laccolithic mass which has apparently been intersected in the neighbour¬ 
hood of its vertical feeder. A dike-like mass, 800 feet thick, with nearly 
vertical contacts against Triassic strata, occurs at Changing Point (Barents 
Island), and may represent one of the feeders of the great complex of sills 
in the northern part of the Stor Fjord region. 

In that part of eastern Spitsbergen occupied by Carboniferous and 
Permian strata (Hinlopen Strait) the sills penetrate for great distances, 
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retain remarkably uniform thicknesses throughout their courses, and keep 
very closely to given horizons {e.g. the Cyatkophyllum Limestone at 
Lomme Bay, and the Productus Limestone in Wahlcnbcrg Bay). It so 
happens that the Carboniferous and Permian strata are horizontal over 
most of the region, but where they are arched into a gentle anticline, as 
in Palander Bay, the sills conform to the structure. This simple, uniform, 
non-transgressive type of sill may be attributed to the fact that the intru¬ 
sions had to penetrate a regular succession of limestones and shales 
which were probably deeply buried at the time of intrusion. These rocks 
were hard, rigid, and resistant compared with Tnassic and later strata, 
and were devoid of lenticles of gypsum or of knoll-like facies of corals 
or shells which might have produced irregular intrusion effects. 

The behaviour of the sills when intrusive into Mesozoic sediments is 
in great contrast to the above. They ramify through the strata, jumping 
from one horizon to another with great frequency, and sending off dike¬ 
like protrusions into breaks and archings of the beds which they themselves 
have produced. They occasionally come to abrupt terminations, and 
resume their courses equally abruptly but on different horizons This 
comparative freedom of movement may be attributed in part to the soft¬ 
ness and relative incoherence of the Mesozoic rocks and to the abundance 
of carbonaceous horizons as compared to the Palseozoic strata; but it is 
perhaps mainly due to the fact that the Mesozoic rocks lay close to the 
surface at the time of injection. The dolerite magma was therefore able 
to displace and ramify through the comparatively thin Mesozoic cover 
with much greater ease than through the more deeply buried, harder, and 
more rigid Palseozoic sub-structure. 

3. Tectonic Relations. 

It may be well to point out that, m the present state of knowledge, 
explanation of observations is largely a matter of speculation. Coin¬ 
cidences may be misinterpreted as significant facts. Certain of these 
associations from which theory cannot be entirely divorced may be noted. 

There is no visible connection between the dolerites and the great 
post-Devonian, pre-Carboniferous faults. The dolerite is markedly scarce 
in the exposed Older Rocks, and we are unable to recall a single instance 
in which it is seen to penetrate the Devonian rocks, although associated 
lavas were poured out over their peneplaned surface from unidentified 
and perhaps distant sources. 

The dikes and sills are most abundant in the more or less horizontal 
Newer Rocks. To reach them from below the molten rock must have 
passed through sunken Older Rocks, but no observations indicate how 
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or where. Some significance may be attached to the concentration of the 
dikes in three main areas (see p. 289), but these do not mark the hidden 
prolongations of the pre-Carboniferous faults, so far as can be judged. 

Backlund’s observations (28) suggest the deep submergence of the 
Older beneath the Newer Rocks of southern and eastern Spitsbergen, 
where the greatest amount of dolentc intrusion also took place. The 
coincidence of the zero isogam with the lines of Hinlupen Strait and Stor 
Fjord recalls attention to these highly critical regions. They are crossed 
by faults or fjord-like bays, and at the points of crossing the greatest 
intrusions of dolerite are to be found. The bays, certainly delineated by 
faults in certain localities, were indubitably formed after the dolerite had 
cooled In Stor Fjord dolerite seems to have followed a fault that was 
already in existence or was then forming It is tempting to think that 
the intrusions and the later faults are attributable to associated causes— 
instability of the sunken Older Rocks imparted to the soft Newer Rocks 
upon them, upward escape of basaltic magma along faults or fissures 
developed in this mass, and further instability resulting therefrom leading 
to post-doleritic readjustment of sections of the Newer Rocks and the 
production of narrow rifts within them. This is admittedly purely 
speculative, and rests chiefly on the coincidence of outcrops and faults. 
It is of enhanced significance, perhaps, when the flexure stretching across 
Spitsbergen is traced as pointed out by G. de Geer (17, 18, 27) and 
found to embrace the third great area of doleritic outcrop (the inner part 
of Ice Fjord), and to pass eastward by Sassen Bay towards the other two 
critical regions. 

It is conceivable, in fact, that the flexure traced by De Geer is coeval 
with the growth of fractures up which the dolente subsequently made its 
way, and along which post-doleritic faulting has taken place. 

Between the periods of intrusion and of faulting and fjord formation 
were interposed first epeirogemc movements on a grand scale (29, 34) 
and secondly orogenic disturbances in West Spitsbergen (27), in which 
the sills and dikes were involved in common with the rocks into which 
they had been intruded. 


V. Summary. 

1. A brief history of geological events in Spitsbergen is given to serve 
as a frame of reference for the discussion of the dolerites, followed by a 
history of the investigation of the latter 

2. The intrusions are found in three main regions of the Spitsbergen 
archipelago. Field observations by the authors are given in details 
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together with data from earlier workers Most of the intrusions are sills, 
but there is some evidence for the occurrence of massive vertical-sided 
intrusions in the region of Hinlopen Strait. A brief statement of the 
relations of dolerite intrusions and associated basaltic lavas in the Wyches 
Islands and Franz Josef Land is also given. 

3. Petrological investigation shows that the dolerite is remarkably 
uniform over the whole of the region Four facies are distinguished: 
the normal medium- to fine-grained rocks which constitute the great 
mass of the intrusions; coarse gabbroidal and pegmatitic t)rpes; dense, 
basaltoid contact rocks; and the endomorphic modification known as 
“white trap ” Full petrographical descriptions are given with two new 
chemical analyses. A mineralogical feature of much interest is the 
co-existence of fresh olivine with a mesostasis containing abundant quartz. 
Comparisons of the Spitsbergen suite with Mesozoic and near-Mesozoic 
dolerites of other regions arc instituted 

4 The consensus of evidence is that the dolerite intrusions (and the 
accompanying basaltic lavas) are satisfactorily dated as between latc- 
Jurassic and Lower Cretaceous. 

5. The behaviour of the sills intruded into the Carboniferous and 
Permian on the one hand, and the Mesozoic on the other, is shown to 
be strongly contrasted. In the former the sills arc uniform, non-trans- 
gressive, and very widely extended, whereas in the Mesozoic they ramify 
as a network through the strata, and send off dike-like protrusions into 
fractured and arched beds. It is believed that this contrast is due to 
injection under deep and shallow covers respectively 

6. While It is only possible at present to offer speculation on the 
subject, the authors believe that the tectonic relations of the dolerites are 
explicable as due to instability within a buried fractured basement of 
Older Rocks which was transmitted to the superincumbent and weaker 
Newer Rocks, leading to escape of basaltic magma along faults or gaping 
fissures developed in the whole complex. Further instability following 
on the extrusion of masses of molten rock led to later readjustments 
within the complex of sediments and dolerite and the development of a 
system of rifts which outline the present-day fjords. 
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I. Introduction and Previous Work 
Present knowledge of the oogenesis of caddis-flies is scanty. Marshall’s 
paper (17) on the ovary of Platyphylax destgnatus is the only detailed 
account of the growth and history of the ovarian elements during the 
larval and pupal stages, but he docs not deal with the cytoplasmic 
inclusions 

According to Marshall, the ovanoles of the youngest larva examined 
consisted of a terminal filament and an oval portion The cells of the 
terminal filament have an elongate nucleus and a single small nucleolus; 
chromatin granules are present which are connected by achromatic 
strands. The cells of the oval part vary according to their position in 
the tube—^those at the sides being similar to the cells of the terminal 
filament, while those situated in the axial region of the anterior portion 
contain an oval or spherical nucleus, an “achromatic nucleolus,” chromatin 
granules, and achromatic threads. In the nuclei of the cells situated at 
the posterior end of the ovanoles the threads have a beaded appearance, 
but chromatin granules are not present 

In the middle portion of the ovarian tubes of an older larva many 
of the nuclei arc in synapsis; the threads have a beaded structure, are 
closely packed together and difficult to make out. The nucleolus is 
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still present, but does not always occur at the pole towards which the 
threads have contracted After this stage the threads become distributed 
through the nucleus; later, they are shorter and thicker, and each thread 
gives rise to two long chromosomes 

In an ovary from a slightly older larva oocytes and nurse-cells could 
be identified; the former contain paired chromosomes which lie in an 
achromatic material which is identified as the remains of the threads; 
the "achromatic nucleolus” is still present. The chromosomes of the 
nurse-cells form tetrads and later fragment to form numerous granules 
which arc at first arranged in distinct groups but ultimately spread out 
through the nucleoplasm. 

Marshall states that the ovarian tubes of a young pupa contained five 
groups of oocytes and five groups of nurse-cells Chromosomes are not 
present in the older oocytes, but masses of achromatic material surround 
small chromatin granules or rods. The nucleolus of the most highly 
developed cells is vacuolated, while unstained bodies, some of which 
contain "a distinct chromatin spot or spots,” occur scattered through 
the nucleus The two anterior oocytes have a blunt process arising 
from the anterior pole passing between the nurse-cells of the adjoining 
chamber 

In the late pupse two large oocytes filled with yolk are situated at the 
posterior end of the tubes The yolk-spheres are not figured, and are not 
described beyond stating that the yolk is composed of round bodies “which 
lie in a granular network.” 

Marshall does not give the chromosome number for either the oogonia 
or oocytes l^utman, however, in a paper on the spermatogenesis of 
Platyphylax destgnatus (16), states that the haploid number is thirty, and 
that an examination of the oogonia gave counts of from fifty-five to sixty 
chromosomes. 

Hirschler and Hirschlerowa (10), in a short note on certain large cells 
which they believe are somatic in origin, situated in the terminal filament 
of the ovary of Phryganea grandts, state that the Ciolgi elements are 
present as round or oval bodies, the elements of the vacuome as numerous 
grains which stain with neutral red, and the mitochondria as small 
granules which stain with Janus green 

According to Hirschlerowa (11), in a brief account of the cytoplasmic 
inclusions of the ovary of Phryganea grandts, the majority of the elements 
of the vacuome arc present, in the oocyte, as granules which adhere to 
the Golgi bodies. The latter are figured as rings, and after prolonged 
treatment are stained by neutral red, while the vacuome is blackened by 
osmic acid. Mitochondria are present as small grains which sometimes 
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form dense masses. The Golgi elements and the vacuome of the follicle- 
cells and nurse-cells are similar to those of the oocyte. 

Hosselet (15) states that the young nursc-cells of Setodes ttneiformts 
have a spherical nucleus which contains small masses of chromatin and 
an irregularly shaped nucleolus. As the nucleus increases in size the 
nucleolus begins to break up into fragments which are extruded from the 
nucleus. The fragments are often surrounded by a basophil material, 
and It IS suggested that the latter, which corresponds to a plasmosome, 
may be capable of forming communicating bridges by means of which 
the nucleolar fragments pass to the cytoplasm 

In material fixed in Zenker-formol and subsequently treated with 
potassium bichromate, and in osmic acid preparations, small networks 
and irregular meshes occur at one pole of the nucleus of the young nursc- 
cells; these structures Hosselet identifies as the "chondriome.” In the 
later cells the networks are reduced to two or three meshes and to some 
chondriosomes. 

In the older nurse-cells, groups of two or three nngs occur; the 
periphery of these bodies is at first regular, but later becomes thickened 
in places so that granules appear to be formed on the edges of the rings 
During the time that these changes are taking place the centre becomes 
clear. Later, the central vacuole is clearer and the "chondriome" finally 
disappears. A few elements do not take part in this process and are 
present as isolated granules. 

Hosselet docs not deal at any length with the oocyte of Setodes tinei- 
fortnts. The "chondriome,” in the form of a dense filo-reticular mass, 
occurs in contact with the nucleus, m the part of the cell next to the 
nutritive chamber, however, it is more dispersed and occurs in groups of 
individual elements situated between the nucleus and the neighbouring 
nurse-cells; some of these elements are ring-shaped A projection from 
the oocyte usually extends between two adjacent nursc-cells 

From the above account it will be seen that comparatively little work 
has been carried out on the oogenesis of caddis-fiies Marshall’s paper, 
on Platyphylax destgnatus, contains the only description of the prophase 
of the first maturation division; Marshall, however, was chiefly concerned 
with the growth and history of the ovarian elements, and consequently 
does not give a detailed description of the prophase stages Although 
a certain amount of work has been carried out on the cytoplasmic in¬ 
clusions of nursc-cells, follicle-cells, and oocytes, there appears to be no 
detailed account of the history of the Golgi elements and mitochondria 
during all stages of the development of the oocyte. 
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II. Material and Methods. 

The material for this paper was obtained from larvjE and pupae of 
Stenophylax stellatus collected from the Braid Burn, near Edinburgh, in 
the summer and autumn of 1932, and from larva: collected in the spring 
of 1933 - 

For the study of the growth of the ovanoles, ovaries were fixed m 
Flemming’s mixture and in Bourn’s picro-formol For the preservation 
of late oocytes, filled with yolk-spheres, Smith’s fixative was found to be 
the most satisfactory, and this fixative also gave good results for the younger 
cells in the ovaries of pupae 

Certain ovaries were treated according to Feulgcn’s technique for 
the identification of chromatin. The material was fixed in corrosive- 
acetic mixture; light green was used as a countcr-stain 

For the demonstration of the mitochondria, material fixed in Flemming 
(without acetic) anti by the Mann-Kopsch method was found to be satis¬ 
factory The Golgi bodies were studied in material treated according 
to the method of Mann-Kopsch. 

For the demonstration of the vacuome, ovaries were dissected out in 
saline solution and immediately placed in a weak solution of neutral red. 

My thanks arc due to Professor J H. Ashworth, F.R S., for help and 
advice, and to Mr Martin E. Moseley, of the Natural History Museum, 
South Kensington, for identifying specimens of Stenophylax stellatus, 
I wish to express my thanks for a grant in aid of this work from the Earl 
of Moray Endowment of the University of Edinburgh. 

III. Observations 
I. The Growth of the Ovanoles 

In the ovarioles of the youngest larva examined three regions can be 
identified At the anterior end the cells are small and are, in most cases, 
approximately equal in size, each nucleus contains a small deeply stained 
nucleolus and minute deeply stained chromatin granules which arc 
arranged on a faintly stained network (PI. I, fig. i). In the middle 
region of the ovanoles the majority of the cells have increased in size, 
and the nucleolus and chromatin granules are larger and more deeply 
stained than those present in the earlier cells. The nuclei of some of 
the cells m this region contain large masses of material, while others are 
so deeply stained that they resemble homogeneous bodies. Their appear¬ 
ance strongly suggests that they are undergoing degenerative changes 
(PI. I, fig i). At the postenor end of the ovarian tubes the cells are of 
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about the same size as those in the middle region; the nucleolus is deeply 
stained, but in most cases the chromatin granules arc more faintly stained 
than those of the slightly younger cells (PI. I, fig. i). In these young 
ovarioles it is not possible to distinguish between oocytes and nurse-cells. 
Small cells are situated towards the sides of the posterior region; it is 
probable that, at a later stage, they give origin to the cells of the follicular 
epithelium 

In ovaries from more advanced larvae, cells in corresponding stages 
of development to those of the younger ovarioles are situated in the anterior 
and middle part of the tubes. The succeeding cells are larger and their 
nuclei arc in the early prophase of the first maturation division, while 
at the posterior end of the ovarioles paired chromosomes and a deeply 
stained nucleolus arc present in each nucleus. Large deeply stained 
granules are present in the cytoplasm of the older cells (PI. I, fig 2) It 
IS not possible to distinguish with certainty between oocytes and nurse- 
cells, but some of the cells, situated at the posterior end of the ovarian 
tubes, are larger than their neighbours and are, apparently, oocytes which 
have not yet become clearly differentiated from the other cells 

An examination of ovaries from young pupae showed that the anterior 
and middle regions of the ovarioles are occupied by the same type of cells 
as are present m the late larvae, while immediately posterior to the middle 
region it is possible to distinguish between oocytes and nurse-cells. Some 
of the cells have increased in size and contain a large nucleolus and paired 
chromosomes 'I'hese cells are identified as the early oocytes, and are 
surrounded by smaller cells; the latter are, at a later stage, transformed 
into nunso-cells. Both types of cells contain large deeply stained cyto¬ 
plasmic granules (PI I, fig 3). The next stage in the differentiation of 
the nurse-cells is shown by slightly older cells situated below the very 
early oocytes and nurse-cells described above The chromosomes of these 
nurse-cells fragment into granules which at first remain in tetrads and 
small groups in or near the position previously occupied by the chromo¬ 
somes from which the granules originated. As these changes are 
taking place the nucleolus becomes irregular in shape and some of its sub¬ 
stance appears to be passed into the nucleoplasm in the form of nucleolar 
buds or extrusions (PI I, fig. 4). In slightly older cells (situated at the 
posterior end of the ovarioles) the chromosomes have fragmented into 
numerous granules which are situated, for the most part, round the 
nucleolus and extend in clumps from the nucleolus to the periphery of 
the cell. In some cases the nucleolus is breaking up to form buds, but 
in others, although irregular in shape, has not yet entered upon a process 
of fragmentation (PI. I, fig. 5) In the nucleus of the oocyte situated in 
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contact with the older nurse-cells the chromosomes are paired and the 
nucleolus is breaking up into several smaller bodies. In both oocyte 
and nurse-cells deeply stained cytoplasmic granules occur close to or in 
contact with the outside of the nuclear membrane (PI I, fig. 5). 

In a slightly more advanced pupa the posterior end.s of the ovarioles 
are occupied by a large oocyte and a group of nurse-cells (PI I, fig 6) 
Paired chromosomes are present in the nucleus of the oocyte and the 
nucleolus has fragmented to form two or more deeply stained bodies 
The nuclei of the nurse-cells have increased in size and become less regular 
in outline; the nucleolus is deeply stained but in most cases has broken 
up into several pieces; numerous scattered chromatin granules are 
present The cytoplasm of both oocyte and nurse-cells contains granules, 
and in many of the oocytes these granules tend to form a chain at the 
posterior pole of the cell (PI I, fig. 6). The high degree of nuclear 
activity (as evidenced by the fragmentation of the nucleolus of oocyte 
and nurse-cells) and the presence of granules on the outside of the nuclear 
membrane indicate that nucleolar material is extruded to the cytoplasm 
where it becomes visible in the form of deeply stained granules Definite 
follicle-cells occur at the posterior end of the ovarioles of the young pupa 
described above, but oocyte and nurse-cells have not yet been separated 
into their respective chambers 

In slightly older pupai two groups of oocytes and nurse-cells are present 
in the posterior part of the ovarian tubes The nurse-cells of the more 
highly developed group are now much larger than the adjacent oocyte, 
while the latter has increased m size and become irregulai in shape so that 
its anterior end projects between the adjoining nurse-cells (PI I, fig. 7) 
Paired chromosomes occur scattered through the nucleus and the nucleolus 
is differentiated into two parts—a large faintly stained spherical body 
and a darkly stained mass of material (PI I, fig. 7) In some cases the 
deeply stained part is very large and almost completely covers the lightly 
stained portion. Small granules occur distributed through the nucleo¬ 
plasm and in some cases are in contact with the nucleolus; in all proba¬ 
bility they arise from the latter as nucleolar buds or extrusions Cyto¬ 
plasmic granules arc present and are most numerous in the vicinity of the 
nucleus and in the posterior part of the cell The nuclei of the nurse- 
cells contain numerous small granules and large irregularly shaped bodies; 
the former have arisen by the fragmentation of the chromosomes and the 
latter are derived from the nucleolus of the younger cells Owing to the 
large number of nucleoli present it is evident that they grow and divide 
after their liberation from the original nucleolus 

In the ovarioles of late pupae nine oocytes are present. The nuclei 
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of the first and second oocytes, situated at the anterior end of the tubes, 
contain paired chromosomes and a deeply stained nucleolus. This 
region is followed by four groups of oocytes and nurse-cells which are in 
stages of development comparable with those of the younger ovarian tubes 
described above. The follicle-cells in association with the early nurse- 
cells are similar to those of the adjoining oocyte; in the seventh group, 
however, they are elongate, but have not yet formed a partition between 
the nutntive chamber and the oocyte. The seventh oocyte is larger, but 
in other respects is similar to the sixth. 

The nucleus of the eighth oocyte contains a lightly stained vacuolated 
nucleolus and paired chromosomes. Large vacuoles are present in the 
ooplasm, and towards the periphery yolk-spheres are situated amongst 
the vacuoles (PI. I, fig. 8). 

The nuclei of the nurse-cells have increased in size and become very 
irregular in shape. Several nucleoli and numerous chromatin granules 
are present; the latter are greater m number and the nucleoli larger than 
in the younger cells (PI. I, fig. lo). Granules are situated in the cyto¬ 
plasm. The nutritive chamber is separated from the adjoining oocyte 
by a single layer of elongate follicle-cells. 

The ninth oocyte has increased greatly in size, the yolk-globules are 
larger, have become slightly more numerous and now extend towards the 
central region of the cell (PI. I, fig. 9). Chromosomes and a vacuolated 
nucleolus are present. The nurse-cells are similar to those of the eighth 
nutritive chamber. 

In late pupae, which have darkened preparatory to emergence of the 
imago, the last two ooc3rtes are completely filled with yolk-globules. A 
cup-shaped depression is present at the anterior end of each oocyte, and 
into this concavity proje«;ts the group of neighbouring nurse-cells. The 
layer of follicle-cells separating the oocyte from the nutritive chamber, 
owing to the elongation of the cells, has become very thin. The chromo¬ 
somes are faintly stained and clumped towards the middle of the egg 
nucleus; a nucleolus was not observed. The nurse-cells and their nuclei 
are identical in structure with those of the eighth and ninth nutritive 
chambers of the younger pupae. 

The ovarioles of certain pupae were treated according to Feulgen’s 
technique for the identification of chromatin. The chromatin granules 
and network of the undifferentiated cells and the prophase threads and 
chromosomes of the later cells gave a positive reaction; the chromosomes 
of the fully formed oocytes, however, were stained less brightly than those 
of the younger cells. The history of the chromatin of the nurse-cells was 
found to agree with the account based on the examination of other material 
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—thus the nuclei of the early nurse-cells contain paired chromosomes and 
a nucleolus which stains with light green; later, the chromatin is repre¬ 
sented by groups of granules which increase in number and Anally are 
distributed singly and in groups throughout the nucleus. In the nuclei 
of the older cells the groups of granules are connected with one another 
by threads which give the chromatin reaction; chromatin granules occur 
at intervals along the threads. In some cases, at least, it is probable that 
the appearance of threads is due to the close proximity of chromatin 
granules arranged in a line stretching from one group to another. In 
other cases there is little doubt as to the presence of chromatin threads. 
In , the larger nuclei chromatin granules are situated on the inside of the 
nuclear membrane (text-fig. 1). 

Spherical and irregularly shaped bodies were observed among the 
chromatin granules of the older cells; these bodies do not contain chromatin 
but stain faintly with light green and are identified as the nucleolar 
fragments described on p. 327. The chromatin granules often closely 
surround the nucleoli so that the latter are difficult to observe. 

A nucleolus which stains with light green, chromatin granules, and a 
chromatin network were observed in the nuclei of the follicle-cells (text- 
fig. 2). 

Although oocytes and their accompanying nurse-cells were carefully 
examined at all stages of development up to the appearance of yolk- 
globules, granules which give the chromatin reaction were not observed 
in the c)rtopla8m of the nurse-cells or in the ooplasm. 

Certain nuclei situated among the undifferentiated cells appear as 
homogeneous masses of matenal which give the chromatin reaction, but 
are darker in colour than the chromatin of the surrounding cells (text- 
3 )’ These nuclei are identical with those observed in sections stained 
in iron hsematoxylin and identified as the nuclei of cells undergoing 
degenerative changes (p. 325). The whole nucleus appears to be filled 
with chromatin and no other structures are visible. The cytoplasm of 
the degenerating cells contains several bodies or granules which give the 
chromatin reaction, and are, apparently, small masses of chromatin which 
have been extruded from the nuclei during the degenerative changes 
(text-fig. 3). 


2. The Prophase of the First Maturation Division, 

At the stage of development of the undifferentiated cells shown in 
PI. I, fig. 2, the chromatin granules become more faintly stained and give 
rise to thin leptotene threads; large granules of chromatin persist for 
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some time (text-fig. 4). The threads now contract towards one pole of 
the nucleus to form a dense synizetic knot from which a few individual 
threads extend towards the opposite pole (text-fig. 5). Owing to the 
closeness of the knot it is impossible to make out any structure; a deeply 
stained area, however, observed in certain nuclei, is probably a nucleolus. 
In slightly older cells thick pachytene threads and a large nucleolus are 
present (text-fig. 6). The pachytene threads rapidly contract and give 
rise to the chromosomes of the diplotene stage, the members of a pair 
lying side by side. As already described (p. 326), the chromosomes of the 
nurse-cells fragment while those of the oocytes are present in the nuclei 
of the oldest cells examined. In the younger oocytes the chromosomes 
tend to lie towards the periphery of the nudeus, but in the fully developed 
cells they form a clump, usually in the vicinity of the nucleolus. 

Owing to the presence of the nucleoli and nudeolar fragments which 
take up stain similar to the chromosomes, it was found difficult to obtain 
accurate counts of the chromosome number in material stained in iron 
hsmatoxylin. The oogonia contain about sixty chromosomes, but the 
smallness of the cells and of the chromosomes rendered counts unsatis¬ 
factory. Ovarioles treated according to Feulgen’s technique were examined 
and a large number of oocytes gave counts of sixty chromosomes (text- 
figs. 7 and 8). In order to check these findings, sections of the testes of 
larvs were examined and the haploid number was found to be thirty. 

A nucleolus was not always observed in the Feulgen material during 
the leptotenc stage; when visible, it was slightly stained with light green. 
The sections did not contain many nuclei in synizesis, but an examination 
of those present revealed the nudeolus stained green and closely surrounded 
by the chromatin threads. During the pachytene stage the nucleolus was 
identified with ease, and its subsequent behaviour agrees with the findings 
recorded on pp. 326-8. The nucleolus does not contain chromatin at any 
stage in the history of the oocyte. 

3. The Golgi Bodies and Mitochondria. 

(a) UndifferentieUed Cells, —In material treated according to the 
Mann-Kopsch technique the Golgi elements of the undifferentiated cells, 
situated at the anterior end of the ovarioles of larvae and early pupae, are 
in the form of granules and smsdl rings distributed round the nuclear 
membrane. In older cells the majority of the Golgi bodies form one or 
more clumps at one pole of the nucleus. Some of the larger spheres 
consist of a chromophilic rim and a chromophobic central substance 
(PI. II, fig. 23). 

Mitochondria could not be identified with certainty in this materia], 
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TEXT-ncs 1-14. 

Lsttbrimo. 

Ch.C, chromatin gianulea in (Ttopbum; C.G, chromatin granulet; N, nucleui; 
Nu, nucleolua; Nu.F, nucleolar fragment!; V, dementi of the vacuome. 

FlO. I.—Nucleui of nune-cell. Pupa. Feulgen, 

Fio. a.—FolUclccelli. Pupa. Feulgen 
Fio. 3.—l>egenerating cell. Fu^ Feulgen. 

Fio. 4.—Leptotene itage. Early pupa. Bouin 
FlO. 5.—Syniseni. Early pupa. Baum. 

Fio. 6.—Pachytene itage. Early pupa. Bouin. 

Fio. 7.—Nucleui of young oocyte, ih^ng twenty-four chromoiome*. Pupa Feulgen. 

Fio. 8.—^The neat lection of the tame nudeui, ihowing thirty-iix chromoaomes. Feulgen. 
Fio. 9.—Undifferentiated cell. Larva. Neutral red. 

Fio. 10.—Undifferentiated cell. Larva. Neutral red. 

Fio. II. —Later Itage. Larva. Neutral red. 

Fio. 13.—Young oocyte. Pupa. Neutral red. 

Fio. 13.—Nune-cell. Pupa. Neutral red. 

Fio. I4.>-Fdlida-cdl. Pupa. Neutral red. 
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partly, no doubt, owing to the occurrence of the Golgi material in that part 
of the cell in which the mitochondria are situated. In Flemming prepara¬ 
tions, however, the mitochondria are revealed as a dark mass at one pole 
of the nucleus (PI. II, fig. 21). 

(b) Oocytes .—In young oocytes which have recently differentiated 
from the surrounding nurse-cella, the Golgi elements are for the most 
part situated at one pole of the nucleus. They are arranged in one or 
more clumps and are in the form of irregpilarly shaped granules and of 
rings; a few elements remain outside these clumps (PI. II, fig. 11). Many 
of the spheres are large and somewhat irregular in shape, and consist of a 
deeply impregnated rim surrounding a chromophobic substance. 

The mitochondria are well shown in the Flemming preparations. 
The mitochondrial mass is now breaking up and many of the individual 
granules, of which it was composed, are scattered through the ooplasm 
while a certain number are arranged in rows to form chains or filaments 
(PI. II, fig. 22). Large granules which stain deeply with iron haema- 
toxylin are present; these are identified as the cytoplasmic granules 
already described for other material. 

In slightly older oocytes the clumps of Golgi material break up and 
the individual elements become distributed through the surrounding 
ooplasm. At this stage the mitochondria are scattered fairly evenly through 
the cell (PI. II, fig. 12). 

The Golgi bodies increase in number and in size and are situated 
throughout the ooplasm, in many cases they are less numerous in the 
posterior part of the cell. At this stage two or three Golgi elements are 
often closely applied to one another to form a larger body, and the sub¬ 
stance of some of the ring-shaped Golgi bodies becomes broken up to 
form several small granules which surround an area which is not blackened 
by osmic acid. The mitochondria, as in the slightly younger oocytes, 
are scattered throughout the cell (PI. II, fig. 14). 

In older oocytes, in which a few yolk-globulcs occur, the majority of 
the Golgi bodies are situated towards the periphery and in the posterior 
part of the cell. Many of the Golgi bodies are large and consist of two 
or more closely associated rings or granules; several are deeply impreg¬ 
nated and are almost as large as the yolk-globules. Appearances indicate 
that the Golgi material is transformed into fatty yolk (PI. II, fig. 15). Mito¬ 
chondria are present but are less numerous in the neighbourhood of the 
nucleus. 

In a later oocyte, in which fatty yolk-formation is well advanced, the 
Golgi bodies are situated chiefly towards the periphery, and in many 
cases two or more elements are associated to form a large body. The 
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mitochondria in the form of single granules and chains arc scattered 
through the ooplasm; they are less numerous in the vicinity of the nucleus 
(PI. II. fig. 17). 

In the fully formed ooc)rtes the ooplasm is packed with yolk-globules 
so that observation of the Golgi elements and mitochondria is rendered 
very difficult. Small deeply osmophil granules and rings are present 
between the yolk-spheres, and are identified as Golgi bodies, but many 
of the smaller granules may possibly be mitochondria (PI. II, fig. 20). 
Large bodies with chromophilic rims similar to those of the younger cells 
were not observed in the late oocytes. 

(c) Nurst-etlls .—The Golgi elements of the early nurse-cells are 
situated chiefly towards one pole of the nucleus; a few bodies may occur 
in other parts of the cytoplasm. They are in the form of granules and 
rings (PI. II, fig. 11). As in the early oocytes, the mitochondrial mass 
breaks up and the individual granules become distributed throughout 
the cell. 

In the more advanced nurse-cells the Golgi bodies are situated round 
the nucleus, while the mitochondria are fairly evenly scattered through 
the cytoplasm (PI. II, fig. 13). 

As the nurse-cells increase in size the Golgi bodies spread out to the 
periphery and are usually absent from the cytoplasm immediately sur¬ 
rounding the nucleus. The distribution of the mitochondria is similar 
to that of the slightly younger cells (PI. II, fig. 16). 

An examination of nurse-cells in association with fully formed oocytes 
showed that the Golgi material and mitochondria occupy the same positions 
as in the preceding stage. The Golgi bodies are, however, smaller and 
are granular in form; many of these granules arise from the Golgi rings 
in a similar manner to those of the late oocytes. 

(d) FolltcU-etlls .—In the young follicle-cells, situated towards the 
anterior end of the ovarioles, the Golgi elements occur close to the nuclear 
membrane, and in many cases appear to be most numerous at the pole 
of the nucleus next to the adjoining oocyte. Mitochondria as a few small 
granules are present in the neighbourhood of the nucleus (PI. II, fig. 18). 

In follicle-cells surrounding fully formed oocytes and nurse-cells the 
Golgi bodies are more numerous, and occur singly and in clumps round 
the nucleus and also in parts of the cytoplasm towards the periphery 
(PI. II, fig. 19). Some of the larger bodies consist of a chromophilic rim 
and a centrd clear substance. The mitochondria are more numerous 
than in the early cells; they are scattered through the cytoplasm but do 
not extend to the periphery of the cell. 
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4. Th* Vacuomt. 

The elements of the vacuome of the young undifferentiated cells were 
present as granules which stained after a few minutes’ treatment with 
neutral red (text-fig. g). In older cells the vacuome is represented by a 
single large spherical body situated close to the nuclear membrane (text- 
fig. 10). In certain preparations of cells at this stage the vacuome did 
not stain homogeneously but consisted of several deeply stained granules 
situated in a large spherical body which was stained but lightly by neutral 
red. An examination of slightly larger cells showed that the majority 
contain two or three bodies stained by neutral red, and in many cases 
appearances indicate that these bodies arise by division from the single 
element of the earlier cells (text-fig. 11). 

In young oocytes and nurse-cells the vacuome is present as granules 
which stain brightly with neutral red, and, in size, closely resemble those 
of the early undifferentiated cells. They are more numerous in the oocytes 
than in the nurse-cells (text-figs. 12 and 13). The late oocytes and nurse- 
cells did not always give good results with neutral red; in some cases 
the elements of the vacuome could not be identified, while in others 
they were shown as small bodies similar to those of the young oocytes 
and nurse-cells, but more numerous and distributed throughout the cell. 
Late oocytes, in which yolk-globules were present, contained no structure 
stainable by neutral red. The elements of the vacuome of the follicle- 
cells are situated round the nucleus (text-fig. 14). 

During the investigation of living cells stained with neutral red, 
refractile bodies were observed in the cytoplasm of oocytes and nurse- 
cells. These bodies are, in all probability, the Golgi elements; they were 
not stained by neutral red. 


S. Yolk-formation. 

The eighth oocyte in the ovarioles of advanced pupae was the youngest 
ceil in which yolk-globules were identified. At this stage the ooplasm 
stains but faintly (iron hsematoxylin) and contains numerous vacuoles, 
while deeply stained granules are present towards the periphery; these 
granules are identified as fatty yolk-spheres (PI. I, fig. 8). The spheres 
increase in size and spread towards the central region of the cell, so that 
in the ninth oocyte they occur throughout most of the cytoplasm (PI. I, 
fig. 9). In late oocytes from mature pupae the fatty yolk-globules have 
increased greatly in size and in number, and are closely packed together 
throughout the entire egg. 

The details of fatty yolk-formation were revealed by an exaunination 
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of ovarioles treated according to the Mann-Kopsch technique. The 
Golgi elements of the late oocytes become distributed through the ooplasm. 
Many of the Golgi bodies increase in size while others become clumped 
in groups consisting of two or more elements. Small yolk-spheres make 
their appearance and are, at first, about the same size or are slightly 
larger than the bigger Golgi bodies. These spheres are deeply impreg¬ 
nated with osmic acid and are the fatty yolk-globules (PI. II, fig. 15). In 
a later oocyte the majority of the Golgi elements are situated at the 
periphery, while yolk-globules occur scattered among them and, to a less 
extent, in the cytoplasm towards the central region of the egg (PI. II, 
fig- * 7 )- 

In the fully formed oocytes of mature pupae most of the fatty yolk- 
spheres are large and in some caises contain a clear vacuole; they are not 
very numerous and are distributed fairly evenly throughout the ooplasm. 
Albuminous yolk-globules are now present; they are numerous and vary 
in size but are always smaller than the fatty yolk-spheres (PI. II, fig. 20). 
Small Golgi elements and minute granules, which may be mitochondria, 
occur among the yolk-spheres and appear to be especially numerous 
towards the periphery. 

There appears to be little doubt that the fatty yolk is formed from the 
Golgi elements of the late oocyte. The fatty yolk-globules arise in that 
part of the cell in which the Golgi elements are most numerous, and when 
formed are about the same size as the larger Golgi bodies. Additional 
evidence in favour of this view was produced by an examination of the 
larger Golgi rings. As already mentioned, the substance of some of the 
Golgi rings becomes broken up into granules which surround a clear 
area; appearances indicate that these granules coalesce and in some cases 
are joined by other Golgi elements, and are finally converted into fatty 
yolk-globules. In other cases the Golgi rings do not form granules, the 
central area becomes blackened with osmic acid and the whole structure 
gives rise to a fatty yolk-sphere. It is significant that Golgi elements 
are not numerous in mature oocytes, while those present are always small 
(PI. II, fig. 20). 

The albuminous yolk-globules were not observed to arise m connection 
with any of the cytoplasmic inclusions. The nucleolar extrusions dis¬ 
appear or become less numerous prior to the beginning of yolk~formation. 
In all probability they are dissolved in the ooplasm and their substance 
utilised in the formation of the albuminous yolk. 

The mitochondria aA less numerous in the late oocytes; their small 
size and the large number of yolk-globules present rendered their identi¬ 
fication very difficult. They are numerous in oocytes in which fatty but 
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not protein yolk is being formed (PI. II, figs. 15 and 17). It is possible, 
therefore, that the mitochondria may play some part in the formation of 
the albuminous yolk. 


IV. Discussion. 

The general account of the growth of the ovary of Stenophylax 
stellatus agrees fairly closely with Marshall’s findings for Platyphylax 
designatus (17); the behaviour of the nucleoli of both oocytes and nurse- 
cells is given in more detail in the present paper, and the application of 
Feulgen’s technique throws further light on the nature of the nucleoli, and 
of the granules and network of the early undifferentiated cells. 

Marshall could not determine whether the numerous nucleoli of the 
late nurse-cells arose from the original nucleolus or were formed from 
other material. An examination of the nurse-cells of Stenophylax 
stellatus shows that the nucleolus of the young cells fragments into several 
pieces. The large number of these bodies present in the fully formed 
nurse-cells indicates that they cannot all have arisen from the nucleolus 
of the earlier cells and that the fragments grow and multiply at the expense 
of some substance derived from the nucleus, or that bodies, which stain 
in a similar manner to the nucleoli, are formed independently from some 
other nuclear material. While it was impossible to determine this matter 
with certainty, examination of the nucleolar fragments, many of which 
seem to be breaking up to form smaller bodies, supports the first view. 

Hosselet (15) records fragmentation of the nucleolus and the occurrence 
of nucleolar extrusions from the nurse-cell nuclei of Setodes tineiformis, 
and believes that the “chondriome" is regenerated at the expense of these 
bodies. The present writer was unable to find any evidence that the 
nucleolar extrusions of Stenophylax stellatus take part in the regeneration 
of either the mitochondria or Golgi elements. 

Marshall records the presence of deeply stained granules in the cyto¬ 
plasm of the growing oocytes of Platyphylax designatus', he makes no 
suggestion as to their origin, but believes that they represent some product 
of the metabolism of the cell. During the present investigations similar 
bodies were observed in the ooplasm. In the young oocytes they are 
large and are in contact with the nuclear membrane; in the older cells 
they are smaller, and while a few may still be adjacent to the nucleus, the 
majori^ are scattered through the cytoplasm. These cytoplasmic bodies, 
althbi^lw a few may be present in the very early cells, are most numerous 
at the nme when the nucleolus is breaking up fato two or more pieces. 
In all probability they are formed from nucleolar material which is passed 
in solution through the nuclear membrane. This appears to be the only 
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recorded case of the occurrence of nucleolar extrusions in the eggs of 
caddis-flies. It is worthy of note that the extrusion of nucleolar material 
from the nucleoli of the spinning-gland cells of caddis-flies has been 
recorded by Nakahara (19), by Beams and Wu (1), by Hosselet (15), and 
by Wajda (31). 

The darkly stained tracts of material mentioned by Marshall as 
extending from the neighbourhood of the nuclei of the nurse-cells to the 
adjoining oocytes of Platyphylax destgnatus were not observed during 
the present investigation. 

Marshall records the occurrence of degenerating cells in the ovarioles 
of Platyphylax destgnatus. The present findings throw further light on 
degeneration in Stenophylax stellatus In the early stages the nucleus 
is occupied by large masses of dark material (in iron haematoxylin pre¬ 
parations), while later the entire nucleus is deeply stained. The Feulgen 
preparations did not contain nuclei in the early stages, but the nuclei 
of cells in an advanced stage of degeneration were filled with material 
which gave the chromatin reaction, and granules of chromatin were 
observed in the cytoplasm. It is evident that the beginning of nuclear 
degeneration is marked by the formation of large chromatin masses, 
which later increase in size and All the whole nucleus, while some of 
the chromatin is extruded to the cytoplasm where it is visible as 
granules. 

Nuclei in an advanced stage of degeneration are usually considerably 
smaller than those of the surrounding normal cells, this may account in 
part for the fact that they are completely filled by the chromatin. Later 
stages of degeneration were not observed , it is probable, therefore, that the 
cells may persist until very late in oogenesis. 

The behaviour of the chromatin threads and chromosomes during the 
prophase of the maturation division of Stenophylax stellatus agrees fairly 
closely with Marshall’s account for Platyphylax destgnatus. Marshall, 
however, found that chromosomes were not present in the older oocytes, 
while chromosomes, although stained faintly in Feulgen material, were 
identified in fully formed eggs during the present investigations A 
nucleolus was not visible in the oldest eggs of late pupae; this agrees 
with Marshall’s statement that nucleoli were absent from the fully de¬ 
veloped oocytes. 

The presence of chromosomes, as demonstrated by Feulgen’s method, 
throughout the growth phase and stages of yolk-formation is an unusual 
condition for insect oogenesis. Thus the present writer working on 
Tenthredinids (7), and on Periplaneta (8), and Mukerji on Apanteles (18) 
record the absence of chromatin from the later ooc)rte8, while Sanderson 

».a.s.B.—vou un, 1931-33, fast tv. la 
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in a paper on a Tenthredinid (26) states that chromatin is present during 
the growth period as a kidney-shaped mass. 

The present findings that the nucleolus, nucleolar buds, and extrusions 
of both oocytes and nurse-cells do not contain chromatin agree with the 
writer’s former observations (7 and 8). 

Steopoe (29) states that the nucleolus of the spermatocytes of Nepa 
cinerea and of Naucoris ctmicotdes gave a negative reaction with Feulgen’s 
method. 

Owing to the small size of the chromosomes of the oocytes, counts were 
dif&cult to obtain. The majority of counts gave the diploid number as 
sixty chromosomes, while in a few cases the nuclei appeared to contain 
only fifty-eight or fifty-nine chromosomes. An examination of the 
spermatocytes showed clearly that the haploid number is thirty. It is 
concluded, therefore, that the diploid number is sixty. Lutman (16), 
working on the oogonia and spermatogonia of Platyphyla* destgnatus, 
obtained counts of from fifty-five to sixty chromosomes. 

The structures called Golgi elements or Golgi bodies in the present 
contribution appear to be closely similar to the "chondriomc” described 
by Hosselet (15) as occurring in the nurse-cells and oocytes of Setodts 
Hntiformts-, the present writer finds, however, that the juxta-nuclear 
masses consist of individual elements which are closely approximated in 
the early cells. Hosselet states his belief that the Golgi apparatus is an 
artifact; the structures often present in material treated by methods for 
the demonstration of the Golgi bodies he calls the "chondriome golgi- 
esque.” The present writer believes that the rings and large granules 
observed in the cells of the ovary of Stenophylax stellatus are identical 
with the material described as Golgi bodies by most workers, and, further¬ 
more, that these bodies, as shown by osmic methods, are distinct from the 
mitochondria, which in the present investigations were revealed as minute 
granules. Both Golgi elements and mitochondria have previously been 
identified by Hirschler and Hirschlerowa (10), and by Hirschlerowa (ii) 
in the ovanoles of the caddis-fly, Phryganta grandts. 

As previously mentioned (p. 324), Hosselet describes the formation of 
a vacuole in the interior of the ring-shaped elements of the "chondriome” 
present in the older nurse-cells. The vacuole increases in size and finally 
the "chondriome” disappears with the exception of a few elements which 
do not take part in this process and remain as isolated granules. An 
examination of nurse-cells in association with fully formed oocytes of 
SttHdphylax sUllatus showed that the Golgi elements are still present, 
but are, for the most part, smaller than those of the earlier cells; vacuoles 
were not present. In slightly younger nurse-cells the substance of some of 
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the ring'Shaped Golgi bodies was observed to have become separated into 
a number of granules arranged round a clear area in a similar manner to 
that described by Hosselet for the osmophil granules of SetoiUs. In 
Stenophylax these granules do not disappear, but, apparently, are dis¬ 
tributed through the cytoplasm to form the numerous granular Golgi 
elements of the late nurse-cells. 

The ring-shaped Golgi elements of the oocytes, nurse-cells, and follicle- 
cells of Stenophylax, although consisting of an osmophil ring surrounding 
a central clear substance, are not identical in structure with the vesicular 
Golgi bodies recently recorded as occurring in the cells of the ovary of 
certain insects by Nath and his co-workers (21, 22, and 23), by Bhandari 
and Nath (3), by the present writer (6 and 8), and by Payne (25). The Golgi 
vesicles described by Nath and his collaborators and by the present writer 
increase in size, fat is deposited in the chromophobic central area and they 
are converted into fatty yolk-spheres. Payne finds that the Golgi bodies 
take no part in yolk-formation. 

Many of the Golgi rings in the eggs of Stenophylax become broken up 
into a number of granules which, at first, surround the original clear 
central area, but later run together to form a body which increases in size, 
impregnates deeply with osmic acid, and is identified as a fatty yolk- 
sphere. In other cases the Golgi material does not appear to break up, 
the central area impregnates with osmic acid and the whole structure is 
converted into a fatty yolk-globule; two or more rings may become 
associated to form a globule. The actual substance of the Golgi bodies 
seems to be converted into fatty yolk, but owing to the rapid growth of 
the spheres it is highly probable that other material, derived from the 
ooplasm, plays an important part in the formation of fatty yolk. 

Recent conclusions as to the participation of the cytoplasmic inclusions 
and nucleolar extrusions in yolk-fonnation in insects may be suitably 
summarised by means of the following table. In some instances the 
authors have not recorded the presence of fatty yolk, or have not deter¬ 
mined its origin; in these cases the space under “fatty yolk” is left blank. 
The letter "G" under “Technique” indicates that methods suitable for 
the demonstration of the Golgi bodies have been employed. 
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Insect Studied and Author. 

Protein Yolk. 

Fatty Yolk. 

Technique. 

Ptnpiatuta amtricema. 

Hogben (13). 

Ptrtplfuuta americana. 

Nath and Mohan (23]. 

Nucleolar extrusions. 

Golgi bodies. 

G. 

Ptriplaneta orttntahs. 

Gresson (8). 

.. 


G. 

Gryllotalpa vulgaris, 

Vomov (30) 


” ” 

G. 

Anisolobts annubpes. 

Payne (25) 

Not from Golgi bodies 
or mitochondna. 

Not from Golgi 
bodies or mito¬ 
chondria. 

G. 

Otcantkus guadnpunctalus. 
Payne (25). 

Golgi bodies take no 
direct part in yolk- 
formation. 


G. 

Nepa ctnerea. 

Spaul (27) 

Nucleolar extr. 



Ne^ ctnerea. 

Steopoe (28). 

Golgi bodies 


G. 

Dysdercus cmgulatus 

Bhandari and Nath (3) 

Nucleolar extr 

Golgi bodies. 

G. 

Galastocons oculalus. 

Payne (25). 

Not from Golgi bodies. 

Not from Golgi 
bodies. 

G. 

Ltitllula dtpressa {Anax and 
Plathemis) 

Hogben (14) 

Interaction of nucleolar 
extr, mitochondna 
and Golgi bodies. 


G. 

Anopheles macuhpenms. 
Nicholson (24) 

Rosette cells and 
oocyte nucleus. 



Cultx fabgans. 

Nath (20 and 21) 

Matenal derived from 
nurse-cells and from 
surrounding fluid. 

Some of the 
Golgi vesicles 
contain fat. 

G. 

Culex piptens. 

Hosselet (15). 

First stages not ex¬ 
amined. 

Elaborated by 
the "chon¬ 

driome." 

G. 

Dtcreutomya ip 

Hosselet (15). 

Close connection be¬ 
tween “chondriome” 
and yolk-sphetes. 


G. 

Chfiimomus piumhcomis 
Hosselet (15}. 

Arise in connection 
with "chondriome.” 
Nurse-cells produce 
substance used in 
yolk-formation. 


G. 
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Insect Studied and Author. 

Protein Yolk, 

Fatty Yolk. 

Technique. 

Lutiola gorhami. 

Nath and Mehta (22). 

Nucleolar extr. 

Golgi bodies. 

G. 

Formica rufa {Syturgus). 
Hogben (12). 

Secondary nuclei 



Apantelts glomeratus. 

Gatenby and Woodger (4). 

Interaction of second¬ 
ary nuclei and mito¬ 
chondria. 

None. 

G. 

Thrtnix macula. 

Gresson (6). 

Nucleolar extr. 

Golgi bodies. 

G. 

Thrimx mixta. 

Gresson (6). 


.. .. 

G. 

Allantus pallipts 

Gresson (6). 



G. 


An examination of the table on yolk-formation shows that the Golgi 
bodies, in a large number of cases in which they have been identified in 
the insect egg, are connected with the formation of fatty yolk. There is 
considerable disagreement as to the origin of protein yolk, but in several 
cases and in widely separated groups it is believed that the yolk-spheres 
are formed, in part at least, from nucleolar extrusions. 

Payne (25) examined the eggs of other insects besides those noted in 
the table but does not state the method of yolk-formation. In conclusion 
he mentions that the Golgi bodies seem to decrease in number during 
fat and yolk-formation, but there is no evidence that Golgi elements or 
mitochondria take part in this process. Payne states that the Golgi 
vesicles of Oecantkus qtiadripunctatus probably disintegrate and give 
rise to chemical substances which are used in other synthetic processes. 

Hosselet (15) believes that, during yolk-formation, the “chondriome" 
acts as a catalytic agent. The “chondriome” disappears when the yolk- 
spheres are formed, and it is suggested that the elements fuse with the 
spheres. 

In Stenophylax the Golgi bodies appear to be transformed into a fatty 
substance, and the latter together with other material derived from the 
ooplasm form the fatty yolk-spheres. With reference to the direct con¬ 
version of the Golgi elements into fat, it is of interest that Bell (2) has 
recently described the origin of neutral fats from the Golgi material of 
the spermatid of the dog, and that the present writer (9) believes that the 
Golgi bodies in atretic eggs of the mouse are transformed into fat-globules. 

As already stated (p. 335), it is probable that the nucleolar extrusions 
take part in the formation of the protein yolk. Nucleolar extrusions have 
been described in the ooc)rtes of several insects, and have been recorded 
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by Nath and his co-workers (22 and 23), by Bhandari and Nath (3), and 
by the present writer (5, 6, and 8) as giving rise to albuminous yolk- 
globules. 

Hirschlerowa (i i), in a short note on the oocytes of Phryganeagrandis, 
states that the elements of the vacuome are present as granules which 
adhere to the Golgi bodies, and that the vacuome of the nurse-cells and 
of the follicle-cells is similar to that of the oocytes. In the older oocytes 
the vacuome and Golgi bodies occupy similar positions. The present 
contribution shows that the elements of the vacuome of Stenophylax 
stellatus are at first numerous, and are situated round the nuclear 
membrane of the early undifferentiated cells. At this stage the Golgi 
bodies are distributed in a closely similar manner. At a later stage, 
corresponding to the localisation of the Golgi material, the vacuome is 
represented by a single spherical body situated at one pole of the nucleus. 
In the young oocytes and nurse-cells the elements of the vacuome and 
the Golgi bodies are again distributed through the cytoplasm. There is, 
therefore, a close similarity between the distribution of the vacuome and 
the Golgi material during the early stages of oogenesis. During the 
present investigations it was not determined with certainty if the elements 
of the vacuome adhere to the Golgi bodies as described by Hirschlerowa. 
It is of interest that Hosselet (15) finds that the vacuome of the young 
ovarian cells of Culex pipiens occurs in contact with the localised “chon- 
driome": later, the vacuome becomes distributed with the elements of 
the “chondriome.” 

Payne (25), working on the oocytes of certain insects, identified 
vacuoles which are stained by neutral red but are not elements of the 
vacuome. He believes that in insects there is no vacuome in the sense of 
a substance common to all cells. Nath (21), Nath and Mehta (22), and 
Nath and Mohan (23) do not record the presence of the vacuome in the 
eggs of the insects upon which they worked, and the present writer could 
not find structures which stained with neutral red in the oozyttx and 
nurse-cells of Tenthredinids (6) or in the oocytes of Periplaneta orientalis 
(8). It would appear, therefore, that vacuoles or granules which stain 
with neutral red are absent from the ovarian cells of certain insects, or 
that in some cases they are very difficult to identify. During the present 
investigations the vacuome of the young cells was usually brightly stained 
after a few minutes’ treatment with neutral red. 

'inhere is a certain amount of disagreement as to whether the neutral 
red vacuoles are definite pre-existing cell structures or are formed after 
treatment with the stain. This matter has been discussed fully in recent 
literature and need not be reviewed here. The present findings show 
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that in Sttnophylax the vacuoles are not identical with the Golgi elements, 
and that their distribution resembles that of the latter. Their definite 
distribution in cells at different stages of development would appear to 
support the supposition that they represent some pre-existing cell 
structure. 


V. Summary 

1. The present account of the growth and history of the ovarian 
elements of Sttnophylax stellatus agrees fairly closely with Marshall’s 
findings (17) for Platyphylax destgnatus. The fragmentation of the 
nucleoli and the occurrence of nucleolar extrusions in the cytoplasm of 
the nurse-cells agrees with Hosselet’s observations on Setodes Unetformis. 
The present writer found no evidence in support of Hosselet’s statement 
that the “chondriome” is regenerated at the expense of the nucleolar 
extrusions. The presence of nucleolar extrusions in the ooplasm is 
recorded in the eggs of caddis-dies. 

2. The application of Feulgen’s technique has thrown further light 
on the nature of the granules and threads in the nuclei of the undiffer¬ 
entiated cells, nurse-cells, and follicle-cells, and on the nature of the 
nucleoli. The absence of chromatin from the nucleoli of the oocytes 
and nurse-cells agrees with former findings for other insects. The 
presence of chromosomes throughout the growth period of the oocyte 
appears to be unique in insect oogenesis. The presence of degenerating 
cells in the ovarioles of caddis-flies has previously been recorded by 
Marshall (17): in the present paper it is shown'that the nuclei of these 
cells arc completely filled with chromatin. Some of the chromatin is 
extruded to the c)rtoplasm where it is visible as granules which give the 
chromatin reaction. 

3. The chromosome number of Stenophylax stellatus, as determined 
by counts in oocytes and spermatocytes, is sixty. 

4. The structure and behaviour of the Golgi bodies and mitochondria 
of the undifferentiated cells, nurse-cells, follicle-cells, and oocytes are 
described. The material called Golgi bodies or Golgi elements m the 
present contribution corresponds with the "chondriome” described by 
Hosselet in the ovary of Setodes tineiformis. The present paper describes 
the behaviour of the mitochondria and Golgi elements during the growth 
of the oocyte and stages of yolk-formation. 

5. It is suggested that material derived from nucleolar extrusions is 
utilised in the oocyte in the formation of the protein yolk. Mitochondria 
and substances derived from the oc^lasm may also take part in this process. 
The origin of the fatty yolk-globules from the Golgi elements is described; 
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it is probable that material derived from the ooplasm is added to the 
growing globules. The findings of other workers on yolk-formation in 
insects are discussed. 

6. Vacuoles which are stained by neutral red are present in oocytes, 
nurse-cells, and follicle-cells. Their distribution resembles that of the 
Golgi elements._ 
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DESCRIPTION OF PLATES. 

A.Y., protein yoUc; Ch., chromosomes; C.G., chromadn granules; De., 
degenerating cells; F.C., follicle-cell; F.Y., fatty yolk; G.E., Golgi element; 
M., mitochondria; M.C., mitochondrial mass; N.C., nurse-cell; Nu., nucleolus; 
Nu.B., nucleolar bud; Nu.E., nucleolar extrusion; Nu.F., nucleolar fragment; 
Oo., oocyte; Pr., nuclei in prophase. 
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Plate I. 

Fig. I. Ovariole from young larva. Bouin. 

Fig. 3. Ovariole frcan older larva; cells in middle region are in early pr(q>ha8e; 
chromosomes present in nuclei at posterior end Bouin. 

Fig. 3. Early oocyte and neighbouring nurse-cells. Young pupa. Bouin. 
Fig. 4. Nurse-cells showing granules formed by fragmentation of chromo¬ 
somes; nucleolus beginning to break up. Young pupa. Bouin. 

Fig. 5. Older oocyte and nurse-cells. Young pupa. Bouin. 

Fig. 6. Oocyte and two murse-ceUs from posterior end of ovariole of young 
pupa. Bouin. 

Fig. 7. Oocyte and two nurse-cells from posterior end of ovariole of older 
pupa. Bouin. 

Fig. 8. Part of ooc)rte to show early stages of fatty yolk-formation. Pupa. 
Smith. 

Fig. 9. Part of oocyte to show slightly later stage of fatty yolk-formadon. 
Pupa. Smith. 

Fig. 10. Nurse-cell, showing chromatin granules and nucleolar fragments in 
nucleus, and granules in cytoplasm. Pupa. Smith. 

Plate II. 

Fig 11. Early oocyte and nurse-cells from anterior region of ovarioles of pupa. 
Mann-Kopsch. 

Fig. 13 . Older oocyte. Pupa. Mann-Kopsch. 

Fig. 13. Older nurse-cell. Pupa. Mann-Kopsch. 

Fig. 14. Oocyte showing dispersal of Golgi elements and mitochondria. Pupa. 
Mann-Kopsch. 

Fig. 15. Oocyte; a few fatty yolk-globules are present. Pupa. Mann-Kopsch. 
Fig. 16. Nurse-cell. Pupa. Mann-Kopsch. 

Fig. 17. Late oocyte, showing fatty yolk-globules, Golgi elements, and mito¬ 
chondria. Pupa. Mann-Kops<^. 

Fig. 18. Follicle-cells, showing Golgi elements and mitochondria. Pupa. 
Mann-Kopsch. 

Fig. 19. Older follicle-cells. Pupa. Mann-Kopsch. 

Fig. 30 . Part of fully formed oocyte. Pupa. Mann-Kopsch. 

Fig. 31 . Undifferentiated cells. Larva. Flemming. 

Fig. 33. Young oocyte. Larva. Flemming. 

Fig. 33. Undifferentiated cells. Larva. Mann-Kopsch. 
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XXIII.—The Mathematical Representation of the Energy Levels 
of the Secondary Spectrum of Hydrogen. By Ian Sande« 
man, Ph.D., Late Carnegie Research Scholar, University of 
St Andrews. 

(MS received May lo, 1933 Note received September 4, 1933 Read June 5, 1933 ) 

1. Term Representatton of Diatomic Spectra. 

The mathematical symbolism now employed by the practical spectro- 
scopist for the representation of the energy term F(J) of the diatomic 
molecule has recently been fixed with precision as a result of the labours 
of Mulliken and others.* The formula employed to represent the 
rotational term is 

FG) “ B JG +1) + D J*G + !)• + FJ»(J +1)» + H J‘G + !)*+. (I) 

where J is the quantum number and B„ D„ . . . are constants. 
B,J(J +1) is the kinetic energy, expressed in wave-numbers, which the 
molecule would have if it were a rigid rotator; and the remaining small 
correction terms in powers of J(J + r) correspond to the expansion of the 
rotator under centrifugal force.f 

If the effect of vibration of the nuclei is taken into account, we are 
not able as yet to obtain a representation from the new mechanics. The 
older theory of Kratzer,^ however, gives us an idea of the changes which 
have to be made in formula (i) to allow for the effect of vibration on 
the rotational term. We have m fact to substitute B, for B«, D, for D„ 
. . . , being the vibration quantum number distinguishing the state. 
Thus the formula becomes 

FQ) - BJG + G + D J«G +1)« + FJ»G +1)‘ + HJ*G + !)*+... (a) 

The following relations also hold between the constants of this formula 

* See Professor 0 W. Richardson’s paper on ’'Nomenclature and Symbolism for 
the Spectra of Diatoimc Molecules,” Trans. Faraday Soc , vol. xxv, 1929, p. 628. 

t E. Schr&dinger, Collected Papers on Wave Mechanics, 1929, p. 34 et seq. Here 
the results are, however, not given in the form fitmiliar to spectroscopists quo'ed in 
equation (i). 

X A. Kratzer, Zrits.fUr Physik, vol. iii, 1920. p. 289: Pkys. Zeits., vol. xxii, 1921, 
p. 552; and Ann. der Physik, vol. Ixvii, 1922, p. 127. 
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and their equilibrium values used in formula (i):— 

B," —a(f>+J) + ' 

D,-D.-j8(f. + l) + 

F.-F.-y(p + J)+.(3) 

H,-H.-8(n + }) + 


where a, j 3 , . . . are small quantities of rapidly diminishing magnitude, 
and V is the vibration quantum number. In the normal treatment of 
band spectra only the first small quantity a is taken into account. 

The above formulae (2) and (3) are hybrids, since they are based 
essentially on the old mechanics and borrow the form J(J + i) and the 
half-quantum values of v from the new mechanics. They nevertheless 
represent diatomic data with great accuracy, and must be regarded as 
very near the mark. 

2. Difficulties tn the Apphcatton of Band Theory to 
The difficulty of applying formula (2) to the known rotational terms 
of the hydrogen spectrum lies in the fact that the successive constants of 
this formula do not diminish with sufficient rapidity to compensate for 
the increase in the successive values of J*(J +1)". It is always possible to 
obtain a very rough approximation to the term constants by neglecting 
the higher powers of J(J + i). By doing so, however, we can never hope 
to achieve an accuracy comparable to the accuracy with which the wave- 
numbers of the lines have been measured; nor can the relations (3) be 
applied with any certainty. The writer has spent much time on the 
question and feels that the hydrogen terms can only be represented 
adequately by the infinite series (2). Any attempt to neglect the higher 
terms leads to unsatisfactory results, because the number of constants 
that can be calculated is limited by the data available for each band. 
If we stop, for example, at the coefficient of J*(J -I- 1)*, we obtain values for 
the constants appreciably different from those obtained if we include the 
term in J\J + i)*. It is thus not possible to compare the constants 
derived from a weak band with those derived from a strong band, nor to 
be sure of the accuracy of those derived from even the strongest band. 

It is therefore necessary to approach the question afresh, and the 
writer believes that established band theory opens up a possibility of 
doing so. 

3. A Mathematical Transformation of the Term Form. 

A convenient summary of the present state of our knowledge of band 
theory is given in W. Jevons’s Report on Band-spectra of Diatomic 
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Molecules (1932). The values of the successive constants of formula (i) 
taken from this Report are as follows:— 

D,- - 4 B,Vw.*. 

F, - - ao>,D.*/6B,*, 

H. - - SD,»/B,«+F//D, - 8D. V 3 ^,. 

The value of D, given here is that of Kratzer; the values of F, and H, 
are due to Birge.* In the above expressions co. is the equilibrium value 
of the frequency of vibration, i.e. the frequency for infinitesimal amplitude; 
a is the constant appearing in formula (3), which is equal to 6B,*/a>, on 
Kratzer’s theory; and is another familiar constant of band spectra, 
which is equal on the same theory to 3B,/a),. 

We may use the known values of the constants, and eliminate every one 
except B, and 01, from the above expressions When this is done, we 
obtain 

B,= B..(aB>,)« 

D,- -B..(aB,/«>,)* 

F,- B,.(2 B,/w,)‘, 

H,- -B,.(2B>,)* 

Accordingly, putting for simplicity 2 BJcj,=u, wc may write formula (i), 
as far as the term in J*(J +1)*, m the form 

m “ Bj(j+i){i - «*ja+1)+«‘j*a+o* - +o*}- 

Unfortunately we have no data regarding the values of the coefficients 
of the higher powers of J(J +1). It seems not a very far-fetched assump¬ 
tion to allocate the following values to these small quantities:— 

L- B. (2B>.)», 

L.- -B,.(2B,/a»,)« 


The successive constants would then be of the correct order of magnitude; 
and the assumption that they are alternately positive and negative seems 
a very likely one. The term form could then be written very simply as 


F(J) 


BJ(J + ») 
+»*ja+i)' 


(4) 


If the assumption made above is correct, this formula should hold 
exactly. 


See “ Molecular Spectn in Gaies,” Bull. Mat. Res. Coun., 1926, p. 237. 
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We may attempt to apply the same form to formula (2), and iwrite 


It is clear that we are not now dealing with an exact relation, although 
the expressions (3) show that, if (4) is right, (5) ought to hold to a close 


degree of approximation owing to the small size of the constants a, )3 . 

The writer has found that expression (5) represents the terms of all 
the simpler states of the visible spectrum of hydrogen to a very good 
approximation. Expression (4) must therefore be, if not correct, a very 
close approximation to the truth. 


4. Application to the Hydrogen States. 

One illustration of the closeness of the fit will be sufficient. The null 
band of the Fulcher System provides six term differences of the form 

A,F(J)-Fa + i)-Fa-i) 

for the final state (2f*2)—as large a number as is provided by any of 
the visible bands. Using formula (5), and taking Bq* =33*37808 and 
Ko**=o*ooo 6520S9, we obtain the following values of AjF(J):— 

J. A.F'O) (calc.). A,F'(J) (obsd.). Obsd.-Calc. 

1 19949 199-51 +0-02 

2 330*76 330*76 o 00 

3 459*48 459*43 - 0-05 

4 584-70 584-64 -0-06 

5 705-54 705-57 -*-0-03 

6 821-19 821-24 +0-05 

The upper states of the same band, for which there are five data, yield the 
following results, when we take Bq'= 29-83569 and «o'‘=0-000723569:— 
J. A,F*(J) (calc.). A,F'(J) (obsd). Obsd-Calc. 

2 295*36 295-36 0-00 

3 409-96 409-91 -0-05 

4 521-10 Sai-05 -0-05 

5 627-94 627-95 -*-0-01 

6 729-68 729-67 -o-oi 

In calculating the last set a least-square method has not been employed, 
and the fit could be improved. 

Expression (5) has been applied to some of the ir‘£, 2r^£, 2r’£, 2/*n, 
and 3P*n states of Hf, and has been found to fit these states with similar 
accuracy. 

The expression breaks down for the upper states of the $d*A-t-2p*n 
bands which were discovered by O. W. Richardson and P. M. Davidson * 
* Free. Fay. Sec., A, vol. cxxxi, 1931, p. 658. 
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and have recently been rearranged by the writer* In this case the anal¬ 
ogous formula representing the 3rf*A states is very curious: it appears to be 

Bjg + i) . B.«ja-n) 


FG)- 


( 6 ) 


If we apply this formula to the state having the greatest number of term 
differences, viz. to the upper B state of the (i, i) Band, and take 

* i '*«0-0302 i 66, 

Ki'*-0-000913043, 


Bi'- S-48ao7, 
Bi'*-30-05309, 


we obtain 


J. 

F(J). 

Differences 

A.F'(J)(calc) 

A,F'(J)(obsd.). 

2 

207-18 

297*83 (297*82) 



3 

40S-01 

233-82 (253*64) 

451*44 

45'*45 

4 

658-62 

3 os-»o (305*20) 

558-81 

558-80 

5 

963-82 

353*26 (333 26) 

658-46 

65846 

6 

1317-08 

398-06 (39S-00) 

75132 

75»*33 


+0-01 

-O-OI 


The figures placed in brackets after the differences are those obtained by 
applying an approximate representation to the lower states of the band. 
They are given on p. 407 of the paper quoted in the previous footnote. 
The fact that the formula gives a good approach to these, while fitting the 
A,F(J) almost perfectly, gives ground for supposing it to be very near 
the mark. 

The co-existence of two independent terms in the same level would be 
inadmissible on the old mechanics On the new mechanics, properly 
sfieaking, we can postulate no such things as energy levels. The possi¬ 
bility cannot therefore be entirely ruled out As, however, the terms 


BJG-H) 

i+»*ja+*) 

and 

BGG + O 

are not independent, a more likely explanation is that the appearance 
of two terms is purely mathematical in origin, and points to the fact that 
in Kratzer’s theory sufficient correction terms have not been taken into 
account. Instead of having D,= -»**B,+ , as on Kratzer’s theory, it 
• I. Sandeman, Proc . Roy . Soc ., A, vol. caxxviii, 1932, p. 395. 



352 Ian Sandeman, Mathtmatieal Representation of 

may be that we can write D, = +«*B, + ). If this be so, it is a 

cause for satisfaction that the ultimate band law is capable of a second 
approximation in so simple a form. 


Summary. 

It is suggested that the term form for the rotational spectra of diatomic 
molecules may be written in the simple form 


m 


Bjg+i) 


where m is a contraction for 

This form fits the simpler states of Hi with great accuracy. An 
extension of it is suggested for the 3</*A states to which the simple form 
is not applicable. 


Note added on 24TH July 1933. 

The above paper is based entirely on band theory. Such assumptions 
as are made concerning the small correction terms in the rotational 
expansion (i) are justifiable because these terms aq; well below the level 
of experimental determination. There are, however, certain steps in 
established band theory which must be looked upon with some suspicion, 
as they involve the omission of small terms which may not in fact be 
negligible. The theoretical approximate values of the constants a and x, 
come under this category. Birge • has found that as a general practical 
rule, applying to all electronic states and all molecules, 

«,B,/a-a constant-0-7 ±0*1. 

The theoretical values of a and x, which have been quoted previously 
give 

In the preceding analysis a affects the F, constant, and a and Xt both 
affect the constant, and it should be stated frankly that at least the 
values of the H, constant given by the formula in this paper appear to be 
too small. 

A comparison of the results following from this paper with those of 
O. W. Richardson and P. M. Davidson f on the energy functions of the 
hydrogen molecule is of interest. The writer's simplified band formula is 

* See Jevoiu’s Report on Band-spectra of Diatomic Molecules, 1933, p. 39. 

+ Free. Roy. Soc., A, vol. exxv, 1939, p. 23. 
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equivalent to Kratzer’s * potential energy expression 

E^--«(A + i/p-i/a/>*+^f»+tff«+ . . .), 
when the small coefficients b, c, . . . are left out of account, i.e. precisely 
the same small constants which have been neglected in the values of a 
and x«. 

The variable part of this potential-energy expression can be thrown 
into the general form f 

U-const, . . .). 

The writer’s formula is equivalent to t 

U-const. . . .). 

Richardson and Davidson have estimated the values of the constants of 
the general formula for several of the hydrogen states. The expression 
found by them for the state (equation 26 of their paper) is, for 

example, 

U(volts) - 5-16^1 - 2-oif + 3-19^ - 7f»). 

Successive coefficients of the first three terms are closely in the ratio 
1 : 2 : 3. The expression found for the iszp'^^ state is similar to this, 
but those found for the irj/*!! and U2/*S states differ somewhat widely. 

A further word of caution is necessary with regard to the formula (6) 
quoted for the states. It may be that the vibration quantum 

number should play a part in this formula, but is not in evidence because 
of being included in a factor equal to unity for this particular vibrational 
state. 

* A. Kratser, loc. at. 

t Since the relation between the variables p and | in Kratzer’s expression is 
p=xf + i, substitution and expansion give 

E„,= -a{A + i-ie*+(i+f)P-(3/2-f)C+(2+^S*- . . .). 
which is the same as the general expression above, and the same as the writer’s 
expression, if r, ... are neglected. 

t This may be seen by substituting the writer’s values of D„ F„ and H, in the 
equations on p. 336 of Birge’s article in the R*p«rt on Molttnlar Sptefra in Gaset, 
1936, integrating Birge’s force equation to obtain the equation of potential energy, 
and substituting the appropriate vanable f=(r-r,)/r,. 


{/tSMtd stporattly Decemier 33, 1933.) 
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OBITUARY NOTICES. 


William Inglls Clark, D.Sc. 

Dr Clark was bom in Bombay on June 4, 1855, being the son of 
the Reverend Thomas G. Clark. He was educated at the Royal High 
School and University of Edinburgh. He passed as Pharmaceutical 
Chemist and took his degree in Science at an exceptionally early age. 
Clark entered the service of Messrs Duncan, Flockhart & Co. as an 
apprentice in 1871, and by his ability and application became a partner 
of the firm in 1880. He had a good knowledge of physics and his strong 
point was chemical engineering, the construction of large-scale plant for 
the production and purification of chloroform being an important part 
of his work. Dr Clark was for nine years a member of the Board of 
Examiners for Scotland of the Pharmaceutical Society, his special subject 
being Botany. His interest in plant life was shown by the manner in 
which he converted the comparatively uninteresting grounds of his house 
at Roslin into a charming resort. He had travelled extensively in Europe, 
Asia, and America. Another of his outside activities was mountaineering 
He had engaged in many climbs both in Scotland and abroad, was for 
some years President of the Scottish Mountaineering Club, and presented 
that institution with a hut on Ben Nevis in memory of his son who died 
of wounds in Mesopotamia in 1918. Colour photography was a subject 
to which Dr'Clark devoted much attention, leading to the production 
of interesting lantern slides. These were used to illustrate his lectures, 
which were in much request, and by means of which considerable sums 
were raised for charitable purposes. 

Dr Clark died at his house in Edinburgh on aist December 1932. 
He is survived by his widow and a married daughter. 

He was elected a Fellow of the Society in 1911. 
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Sir Dugald Clerk, K.B.E., M.Inst.C.E., D.Sc., LL.D., F.R.S. 

Sir Dugald Clerk, who died on November 12, 1932, was one of the 
pioneers in the early development of the internal combustion engine. 
He was bom in Glasgow on 31st March 1854, After completing his 
workshop training he spent four years studying, especially Physics and 
Chemistry, at the Andersonian College, Glasgow, and the Yorkshire 
College of Science, Leeds. Returning to Glasgow, he joined Messrs 
Thomson, Sterne & Co., and in 1877 began to devote himself to the 
development of the gas engine. It is interesting to recall that the four- 
stroke cycle Otto engine had been exhibited for the first time at the 
Paris Exposition in 1878. Clerk, realising the disadvantages of having 
only one working stroke in four, set to work to design a gas engine 
operating on a two-stroke cycle; his first engine working on this cycle 
made its appearance in 1881, and eventually many hundreds of this 
type were placed on the market. From this period right up to the time 
of his death Clerk devoted most of his work to the practical development 
of the internal combustion engine and to researches on the specific heat of 
gases and on explosion pressures. His researches had great influence on 
modern advance in the science of thermodynamics. 

For these researches, which had placed him in the front rank of 
scientific investigators in the field of applied science, he was elected a 
Fellow of the Royal Society of London in 1908; in 1924 he was awarded 
the Royal Medal of the Society. He received honorary degrees from 
the Universities of Glasgow, St Andrews, Leeds, Liverpool, and 
Manchester. In 1932 he was elected President of the Institution of 
Civil Engineers, the highest professional distinction to which an engineer 
can attain; unfortunately ill-health prevented him from taking office. 
He had already in 1917 been created K.B.E. 

On the outbreak of war in 1914, though by that time in his sixtieth 
year, he placed his exceptional talents in research at the disposal of the 
Government; he became Director of Engineering Research at the 
Admiralty, President of the Internal Combustion Engine Committee at 
the Air Ministry, and was a member of Committees in other fields of 
research. 

He took great interest in the development of the motor vehicle, and 
did much important work in this branch of Mechanical Engineering. 
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For many years he was in partnership with Lord Marks as a consulting 
engineer and patent agent, and no other engineer was so frequently 
called upon for service as expert witness in patent cases. 

As a member of the University Grants Committee, Clerk took a very 
real and keen interest in the teaching of Pure and Applied Science in 
the Universities, and University Engineering departments always bene¬ 
fited by the wise and sound advice he gave to the staff on the occasion of 
official visits. 

He was elected a Fellow of the Society in 1922. 

T. H. B 
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William Grant Craib, M.A. 

Professor William Grant Craib, who died on September i, 1933, 
was born at Banff on March 10, 1882. His death occurred after a few 
hours' illness, at Kew, where he had been spending part of his long 
vacation working in the Herbarium on the Siamese flora. 

Craib received his early education at Banff and Fordyce Academies, 
and later entered Aberdeen University, taking the degree of M.A. in 
1907. In 1908 he received a temporary appointment as Acting Curator 
of the Herbarium at the Royal Botanic Gardens, Calcutta. While in 
India he made large collections of plants from the North Cachar Hills, 
which he subsequently named. In 1909 he accepted the post of Assistant 
for India at Kew. At this time large consignments of Siamese plants 
were being received, and Craib’s interest was roused in the flora of that 
area. 

From 1911 onwards he published, under the title Contributions to th« 
Flora of Siam, descriptions of numerous species. In 1925 he commenced 
the publication of what must be considered his principal work, his Flora 
Sianunsis Enumeratio, and at the time of his death the first volume had 
been issued as well as the first part of Volume II. The manuscript of 
the second part of Volume II had also been sent to press. 

During his undergraduate days Craib had shown his interest in the 
plants around Banff, and in 1912 he published the Flora of Banffshire, 
a list of flowering plants and ferns with their local distribution. 

In I9IS> on the invitation of Bayley Balfour, he became Lecturer in 
Forest Botany and Indian Trees in the University of Edinburgh, and 
while holding this post he published a series of papers on the Regional 
Spread of Moisture in the Wood of Trees. 

While in Edinburgh in 1917 he married Mary Beatrice, daughter of 
the late Mr James Turner of Acton. Mrs Craib entered whole-heartedly 
into his work and was able to assist him in many ways. 

H^ was elected a Fellow of the Royal Society of Edinburgh in 1920, 
and during the same year became a Fellow of the Linnean Society. 

In 1920 he was appointed to the Regius Professorship of Botany at 
Aberdeen. Here he entered enthusiastically into the work of teaching 
and research. He devoted himself largely to Systematic Botany, and 
encouraged special research in the subject among his students, several 
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of whom have made contributions to the flora of Siam. Unfortunately 
a serious accident in 1921, which resulted in the loss of a leg, prevented 
an active life. 

Professor Craib was a stimulating teacher, and was able to inspire 
his students with some of his own enthusiasm. His botanical colleagues 
have lost a distinguished systematist who was always willing to give 
help and valuable advice. 

M. W. 



John Cuthbertson. 
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John Cuthbertson, M.B.E. 

Mr John Cuthbertson was born at Kilmaurs, Ayrshire, in 1859. He 
was trained as a schoolmaster at the Free Church Traimng College, 
Glasgow, and at the University of Glasgow. 

After holding various teaching appointments, he was appointed teacher 
of mining for Ayrshire and organised classes in this subject throughout 
the county. Later Mr Cuthbertson was made organiser of technical 
education under the Ayrshire County Council. 

In 1889, on the foundation of the West of Scotland Agricultural 
College, Mr Cuthbertson was appointed Secretary and Treasurer, and 
for the remainder of his life was closely identified with the work of the 
College. He played an important part in its development from small 
beginnings to the important position it now holds in the scheme of 
Scottish agricultural education. 

In addition to his professional work, Mr Cuthbertson took a wide 
interest In the public affairs of Ayrshire and was an active member of 
many committees and societies. He was awarded the M.B.E. for his 
work on the Food Production Committee of Ayrshire and on various 
organisations concerned with the welfare of the troops. 

Mr Cuthbertson was a man of wide general culture and a gifted artist 
in water-colour. He retired in 1931, and his death on April 8, 1933, at 
the age of seventy-three, so soon after giving up his official duties, is 
regretted by a wide circle of friends. 

He was elected a Fellow of the Society in 1904, 


A. L. 
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WllHam Hope Fowler, C.V.O., M.D., M.R.C.P., F.R.C.S.Edin. 

Dr William Hope Fowler died in Edinburgh on October 4, 1933, 
after a long and painful illness due to the effects of exposure to 
X-rays. 

Bom in 1876, he received his early education at Daniel Stewart’s 
College, and after completing his medical course at Edinburgh Uni¬ 
versity he graduated M.B., Ch.B. in 1897. Immediately after his 
graduation he was appointed House Surgeon with Mr C. W. Cathcart. 

Roentgen had discovered X-rays during the time when Fowler was a 
senior student, and after graduation he became one of the early pioneers 
of the use of X-rays in medical diagnosis. 

In 1901, while still in general practice, he became an assistant radio¬ 
logist to the Royal Infirmary, Edinburgh, under the late Dr Dawson 
Turner. 

In 1911 he was appointed, in association with Dr Archibald 
M'Kendrick, as chief of the Radiological Department of the Infirmary, 
and in 1926 he was made a Consulting Radiologist to the Institution. 

In 1924 he became a Fellow of the Royal College of Surgeons, Edin¬ 
burgh, and in 1931 a Member of the Royal College of Physicians, 
Edinburgh. 

From 1911 till 1926 he was Honorary Consulting Radiologist to the 
Admiralty, and during the Great War he was a member of the War Office 
X-ray Commission. 

He was Lecturer and Examiner in Radiology to the Royal Colleges, 
and held numerous consulting radiological appointments. He was a 
Fellow of many learned societies. 

His death is a loss which it is difficult to appraise. Long and intimate 
contact with him makes it even more difficult to say whether the loss 
sustained by the medical profession and the scientific world in general 
or-by the general public is the greater. 

He had many friends, and no enemies. As one of those fortunate 
friends I pay tribute to his memory. We started together in the Royal 
Infirmary, Edinburgh, in the days when our equipment was little more 
than a simple spark coil and a totally unpro'tected X-ray tube, and the 
X-ray department an old store-room in the basement. Up to the time 
of building the present X-ray department we worked together as col- 
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leagues, and strong though his personality was, it was impossible to 
quarrel with him. Even in those early days, working in dismal sur¬ 
roundings, when most of us exhibited frayed nerves, he emanated a 
cheery optimism which was infectious. 

Ambitious he certainly was, but it was not a personal ambition. He 
did not strive to appear better than his fellow-workers. It was his 
ambition that his medical and surgical colleagues should be afforded the 
greatest help obtainable by improved X-ray technique. His private 
laboratory (and his lumber-room) bear witness to this side of his nature. 
He was always keen to procure the latest improvement, and he would 
purchase it, test it, and either add it to his already large equipment or 
relegate it to his lumber-room. It is questionable if a more complete 
history of the advancement of X-ray technique could be found anywhere 
than in his private museum. 

Perhaps one of his greatest assets was his phenomenal memory. It 
was like a well-kept diary. Old Edinburgh students returning to the 
Royal Infirmary after many years of absence used to seek him out in the 
old department. In an almost unbelievable way he could recall the 
names of the students of any single year, when they qualified, where they 
had gone, how they had progressed in their profession, and a host of 
details which would always appeal to the returned student. 

He maintained an intimate connection with his old school, and 
recently presented four Bursaries for Stewartonians at Edinburgh 
University; for several years also he was President of Stewart’s Athletic 
Club, and President of the former pupils club of this school. 

He took all the happiness out of life, and made his life a source oi 
happiness to others. Even in the more acute stages of his painful 
affliction he was never known to complain. He has bequeathed to all 
>\’ho knew him nothing but the happiest of memories. 

He was elected a Fellow of the Society m March 1933. 


A. M'K. 
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Frederick Gardiner, M.D., B.Sc., F.R.C.S.E. 

Dr Frederick Gardiner died in Edinburgh on September 8, 1933, 
after a long illness. He was bom in Edinburgh in 1874, and studied 
medicine at Edinburgh University, graduating M.B., C.M. in 1895. 
After holding a surgical resident post in Stirling Royal Infirmary, he 
became Resident Medical Officer at the Dundee Royal Asylum. Later 
he returned to Edinburgh and took up general practice in the city. He 
graduated B.Sc. in Public Health in 1901 and M.D. in 1902. In 1904 
he was admitted a Fellow of the Royal College of Surgeons. As soon as 
Dr Gardiner returned to Edinburgh he began to take an interest in X-rays, 
and did a great deal of pioneer work on that subject. His thesis for the 
M.D. degree was written on the X-ray appearances in the lungs in pul¬ 
monary tuberculosis, and was awarded special commendation. He was 
appointed radiolc^ist to Leith Hospital in 1901, but gave up that post 
some months later on his Infirmary appointment. In addition fo his 
other activities he worked as clinical assistant in the Skin Department of 
the Royal Infirmary, and in 1904 he was appointed an assistant physician 
to that department. In 1912 he became a full physician to the department 
and started teaching Dermatology as a lecturer in the University and 
Extra-mural School. After serving his period of fifteen years as physician 
and lecturer he was reappointed annually for a further period of six years. 

Up till the time of his last illness Dr Gardiner spent a very active life. 
In addition to attending to a large general and consulting practice, he 
found time to work in the Laboratory of the Royal College of Physicians. 
He investigated several dermatological subjects, chief of which was the 
penetrating power through the skin of various greases. The results of 
his work were published in various medical journals. For twenty-one 
years he taught dermatology to successive classes of University and 
College students, and also took part regularly in the post-graduate 
teaching. His Handbook of Skin Diseases for students reached a third 
edition. During his whole life he kept up his interest in X-rays, and 
his early radiological experience enabled him to do much pioneer work 
in the treatment of skin diseases with X-rays. During the War he 
acted as one of the Consultants in Dermatology for the Edinburgh area 
at the Edinburgh War Hospital at Bangour. Everything Gardiner 
undertook he did with great keenness and energy, and, owing to his 
cheerful disposition, he was very popular with his patients and students. 

He was elected a Fellow of the Society in 1923. 


R. C. L 
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John Glaister, M.D., F.R.F.P.S.G., LL.D. 

Dr John Glaister died at his residence on December 17, 1932. 

Bom in Lanark in 1856, John Glaister began his career in a law office, 
but shortly afterwards gave this up to enter upon the study of medicine 
at Glasgow University, from which he graduated as Bachelor of Medicine 
and Surgery in 1879. Almost from the time of his graduation he made 
a special study of the subjects of Forensic Medicine and Public Health, 
and in 1881 he commenced to teach Forsenic Medicine at the Royal 
Infirmary School in Glasgow. 

Seven years after this he was elected Professor of Forensic Medicine 
in St Mungo’s College, which position he held until 1898, when he suc¬ 
ceeded Professor Simpson in the Chair of Forensic Medicine and Public 
Health in the University of Glasgow. When the University decided to 
separate the departments of Forensic Medicine and Public Health, 
Glaister elected to retain the former, and this he held until his retirement 
about a year before his death. 

Glaister was one of the best-known practitioners in Medical Juris¬ 
prudence in this country, and acted for the Crown in almost all the 
medico-legal cases in Glasgow for a great many years. His services have 
been of the greatest value in the elucidation of many criminal cases, and 
his unique experience of crime and criminals will be greatly missed by 
the legal authorities. 

Although Glaister did not interest himself particularly with scientific 
research, his enormous practical experience led to his recognition as an 
authority on his particular subject, and his textbook on Medical Juris¬ 
prudence has become one of the standard works in the English language. 

Professor Glaister was a Fellow and former President of the Royal 
Faculty of Physicians and Surgeons of Glasgow, a Licentiate of the Royal 
College of Physicians and Surgeons of Edinburgh, and a Diplomate in 
Public Health of the University of Cambridge. He was also a Fellow 
of many societies both at home and abroad, among others at home being 
the Royal Society of Edinburgh (1898), the Chemical Society, the Royal 
Sanitary Institute, and the Royal Institute of Public Health. He was 
a Vice-President of the Medico-Legal Societies of New York and of 
Great Britain, and an Honorary Academician of the Physico-Chemical 
Academy of Palermo. 
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Dr Glaister’s many activities in connection with medicine did not 
prevent him taking part in public life. His services as President of the 
Conservative Association of the St Rollox Parliamentary Division were 
for many years of great value to the cause of Unionism. He was in 
close touch with many civic institutions. He represented the Faculty 
of Physicians and Surgeons on the Board of Governors of the Glasgow 
School of Art, and was one of the first lay members of the Glasgow Art 
Club. He was interested in the subject of cremation, and was connected 
with the Scottish Burial and Cremation Society. 

Dr Glaister had a distinguished career, and the valuable work which 
he did will long be remembered. 

S. S. 
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William Jacob Holland, LL.D. 

By the death on December 13, 1932, of Dr W. J. Holland, Director- 
Emeritiis of the Carnegie Museum in Pittsburgh, Pennsylvania, America 
lost a distinguished man of science, and a large circle a genial and charming 
associate and friend. Bom in Jamaica on August 16, 1848, of American 
parents, his thoughts first turned towards the Church, and after graduating 
M.A. with highest honours at Amherst College, he entered Princeton 
Seminary to study for the ministry. From boyhood he had been interested 
in entomology, and during a pastorate of seventeen years in Pittsburgh 
he continued his scientific studies to such purpose, with numerous 
publications, that he was selected as naturalist to the United States 
Government Eclipse Expedition to Japan in 1887. Four years later he 
was appointed Chancellor of the Western University of Pennsylvania, 
now the University of Pittsburgh. 

In 1898 he assumed the duties of Director of the Carnegie Museum, 
Pittsburgh, which offered more scope for his scientific interests, and he 
held the post till 1922, when he became Director*Emeritus. Meanwhile 
he founded the American Association of Museums in 1907, of which he 
was President until 1909. His wide culture and organising abilities led 
to his being a coveted member for various associations and corporations. 
Thus he was Vice-President of the Carnegie Hero Fund from 1904 to 
1922, and President thereafter. As such he was, cx officto, a member 
of the Carnegie Corporation of New York, and a trustee for many 
academic institutions. 

During several years Dr Holland directed palaeontological explora¬ 
tions in Utah, Wyoming, Montana, and North Dakota which resulted in 
highly important scientific finds, including the Diplodocus eamegtei, the 
original specimen of which is set up in the Carnegie Museum. He con¬ 
tinued to publish great numbers of papers in his particular branch, now 
being regarded as the dean of American entomologists, while at the same 
time he edited the Annals and Memoirs of the Museum. Of his many 
books. The Butterfly Book and The Moth Book, popular guides to the 
North American forms, are well known in the States. Membership, 
ordinary and honorary, of a host of scientific societies (mainly ento¬ 
mological) at home and abroad, recognition by decorations from five 
European States of his contribution to science, and at least half a dozen 
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honoraty degrees, including one greatly valued from St Andrews Uni¬ 
versity, left the rugged simplicity of his character absolutely unspoiled. 
He worked hard up to the end in the rooms reserved for him in the 
Carnegie Museum, and it is characteristic of the man that the same 
number of the Carnegie Magaeine that contained an article on “The 
Passing of Dr Holland’’ should also contain possibly his last paper, a 
popular account of how he secured the skin and skull of the mounted 
specimen of the White Rhinoceros {R. simus Burchell) that is a feature of 
the Museum. 

He was elected a Fellow of the Society in 1911. 

J. Y. S. 
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Robert T. A. Innes. 

Dr R. T. a. Innes was born in Edinburgh in 1861. He showed early 
his interest in astronomy, and was elected a Fellow of the Royal Astro¬ 
nomical Society in 1879, when he was no more than eighteen years of age. 
Going to Australia while still a young man, hts zeal for the science con¬ 
tinued, and he showed by his own discoveries of double stars the immense 
field of unexplored work that the southern heavens contained. He 
attracted the notice of Gill, then in charge at the Cape, at whose invita¬ 
tion to a post in the Royal Observatory he came to South Africa. He 
remained at Cape Town until 1903, when on Gill’s recommendation he 
was put in charge of the Observatory at Johannesburg, where he remained 
until his retirement in 1937. During that period he quite transformed 
the Observatory, which up till then had been little more than a meteoro¬ 
logical station. Besides making good use of the instruments he found 
available, he acquired in succession, by gifts or government grants, 
important additions. The late Mr Franklin Adams, choosing Johannes¬ 
burg for the site of his survey of the Southern skies, made a present of 
the instruments with which he executed it to the Observatory. The 
same donor made other important gifts also. The chief instrument of 
the Observatory is a 26f-inch refractor by Grubb, long in construction 
and delivered only in 1925, but yet put to good and effective use. An 
instrument of which Innes early impressed the use was a “blink" com¬ 
parator, for the discovery of exceptional objects upon a crowded photo¬ 
graphic plate. 

Innes’s interests were by no means solely observational. He pursued 
theoretical researches too, including the rotation of the Earth, perturba- 
tional work, and Jupiter’s satellites. He was in all respects an uncon¬ 
ventional man, caring little whether his words or acts met with the approval 
of the powers that are supposed to be, provided that he was satisfied that 
what he said and did was accurate. Subsequent to his retirement, he 
came to the London district, where he died on March 13, 1933. 

He was elected Fellow of the Society m 1904, and has contributed to 
our Proceedings (vols. xxvii and xlii, 1907 and 1922). 


R. A. S. 
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John Edward Marr, Sc.D., F.R.S. 

The death of Professor Marr is a great loss to geological science. During 
the past generation he maintained the high reputation of the “ Cambridge 
School” and was pre-eminent as a teacher. His former students are 
scattered all over the world, and many of them fill important posts in the 
teaching profession and on the staff of Geological Surveys. Bom in 
1857, he was a Lancashire man and most of his geological work was 
carried out in the Lake District. He was educated at Lancaster Grammar 
School and at St John’s College, Cambridge, where he became a Scholar. 
He obtained a First Class in the Natural Science Tripos and was elected 
a Fellow of his College. Much of his training was obtained from Pro¬ 
fessor Bonney, who was his College Tutor. For some time he acted as a 
Lecturer in Geology under the University Extension Scheme, and for a 
period he acted as deputy for Professor A. H. Green at Leeds. In 1886 
he was appointed University Lecturer in Geology at Cambridge, a post 
which he filled with such distinction that on the death of Professor Hughes 
in 1917 he was elected as successor to the Chair of Geology, which he held 
until 1930 when he retired on account of ill-health. 

His special spheres of work were in physical and stratigraphical 
geology. He published numerous papers, the most important of which 
dealt with the older rocks of the Lake District and North-West Yorkshire. 
During his later years he devoted much attention to the Pleistocene and 
Recent Deposits of Cambridge and the adjoining areas. 

Professor Marr was the recipient of many distinctions. He was 
elected a Fellow of the Royal Society of London in 1891, served on the 
Council for two years, and received a Royal Medal in 1930. For a period 
he served as Secretary to the Geological Society of London, from which 
he received the Lyell Medal and the Wollaston Medal He was President 
of the Society in 1904-1906. In 1930 he was elected an Honorary Fellow 
of the Royal Society of Edinburgh. 

He di^ at Cambridge on October 2, 1933, at the age of seventy-six. 

Professor Marr will be greatly missed by a host of geologists to whom 
Iiis teaching proved an inspiration. 


T. J. J. 
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Ralph Richardson, W.S. 

Mr Ralph Richardson, who died on June 26, 1933, at the advanced 
age of eighty-seven, was one of the oldest Fellows of the Society. 
A son of the late Mr James Richardson, F.R S.E., he was elected a 
Fellow in 1875, and during his long lifetime continued to interest himself 
in various subjects of scientific importance. He was one of the founders 
of the Royal Scottish Geographical Society in 1884, and for the first ten 
years an Hon. Secretary, and a Vice-President from 1924. He was also 
for several years Hon. Secretary of the Edinburgh Geological Society and 
a Fellow of the Scottish Society of Antiquaries. 

He was a man of wealth and leisure in his later years, and since 1883 
had held the office of H.M. Commissary Clerk, which did not prevent 
him from devoting much time to travel and observation of things of, 
interest abroad and at home and to the welfare of the community in 
Edinburgh 

Between 1889 and 1914 he communicated numerous papers to the 
Scot. Gcogr. Mag., and previously also to the Trans. Edin. Geol. Soc. 
By profession a Writer to the Signet, his legal help and advice was freely 
given and much valued, both while he acted as Hon. Secretary to these 
societies and in after years. One of his first papers, written in 1874, was 
on “ Peat as a Substitute for Coal,” at that time in every sense a burning 
question while the coal famine was at its height after the Franco-German 
War. On January 18, 1889, Edinburgh was slightly shaken by an earth 
tremor that was felt over the whole district. Mr Richardson took much 
pains to collect all the evidence from persons affected, and published an 
account of all their experiences in the Scot. Geogr. Mag. for 1889, which is 
of real scientific value. 

He married a daughter of the late Dr Andrew Fleming of the Indian 
Medical Service by whom he is survived. 

H. M. C. 
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Johannes Schmidt. 

Johannes Schmidt died in Copenhagen on February 22, 1933, at the 
all too early age of fifty-six years. He was a sturdy man to all appearance, 
and young-looking to the last; but heart trouble, which had long threat¬ 
ened him, laid him low. Schmidt was a very great naturalist, in a time 
when great naturalists have been few. His diligence kept pace all his 
life long with his opportunities, and both were ample; his learning and 
his originality were one as conspicuous as the other. He had the good 
fortune to solve, and to solve completely so far as we can see, a problem 
as old as Natural History itself, the ancient mystery of the place and 
manner of reproduction of the eel. This was his chief and crowning 
triumph, and brought him world-wide fame; but it was far from being 
the only work he did. 

Nothing in biological science came amiss to him, and he was eager to 
borrow from the other sciences what they could lend to biology. He was 
botanist, zoologist and physicist by turns; he was one of the first to see 
that the distribution of a fish in the sea was a problem in oceanography, 
and called for all one could discover of the varying temperature, salinity 
and oxygen-content, and the wide-flung currents of the sea. He was no 
less quick to use statistical methods and the theory of probabilities in 
apparently simple but actually subtle and recondite questions as to local 
races or allied species of fish. 

Two thousand years ago and more, Aristotle knew a good deal about 
eels, how to keep and feed them, how, where and when to capture them; 
but he thought that they proceeded neither from pairing nor from the 
cgSi And was content to suppose that they came forth out of the mud, as 
worms which the sun had begotten of putrefaction. A great Italian, 
Redi, had a glimpse of the truth nearly three hundred years ago; he saw, 
I suppose, the eels going downstream in the dark moonless nights of 
autumn and the elvers coming up the rivers in spring; and he drew the 
bold, if simple, inference that they bred somewhere out at sea. The 
story took a long time to tell, A little thin transparent fish, sent in the 
eighteenth century from Anglesey to Pennant, was recognised a hundred 
years later to be the peculiar larva of an eel; aqd this, the so-called 
Leptocepkalus, was presently found in numbers, and of several kinds, in 
the Mediterranean, especially in the Straits of Messina, where Charybdis 
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turns the waters upside down and brings strange creatures out of the 
depths into the light of day. Here, for many years, Grassi had studied 
the problem of the eel, and had discovered much before, some thirty years 
ago, Johannes Schmidt’s work began. On a fishery-cruise on board the 
Thor, Schmidt happened to find a Leptocephalus-lixva. to the westward of 
Faeroe; and searching the North Atlantic for two whole summers (1904-5) 
he found the same larvse all the way from Spain to Iceland and far to the 
westward, but never ofl the Norwegian coast nor in the North Sea. In the 
spring he found only larvae, but later on he began to find them metamor¬ 
phosed into elvers or little eels. It was clear that the eels were breeding 
far oflF in the west; it was remarkable that no eels at all w'ere found in the 
South Atlantic, nor even as far south as the Equator. Two or three years 
later Schmidt began to explore the Mediterranean, and found that there 
W'ere no eel-larvz farther cast than the west coast of Italy, or the Straits of 
Messina; and even there, there were no young larvx but only large 
ones, not far off the time of their metamorphosis In short the Medi¬ 
terranean, which had seemed in Grassi’s time to be a breeding-ground 
for eels, was found to breed none at all; they all came in from the Atlantic, 
helped along by the steady current running in through the Straits of 
Gibraltar. The larvae take three months or so on their way from Gib¬ 
raltar to Messina, and there are few eels or none in the Black Sea; they 
have all turned aside, into one river or another, before they get there 
Johannes Schmidt’s voyages of discovery were interrupted by the War, 
but by 1921 he was out in the Atlantic again; and m this year and the 
next he tracked down the eel to its actual breeding-place, south-west of 
Bermuda, in the salt warm waters of the Sargasso Sea. Once in their 
lives the old eels resort to this far-off breeding-place; they spawn there, but 
they come back no more. Only the little larvae, wafted by the currents, 
come eastward home on a voyage three years long; and turning into elvers 
as they go, they grope their way at last into this river or that, from Iceland 
to the Baltic, from the Baltic to the Nile, as chance may lead them Not 
the least curious part of the story is that the American eels, differing 
slightly but unmistakably (so Schmidt declares) from the European 
stock, breed in the self-same waters or close by; but their progeny are 
somehow guided, westward instead of eastward, to American rivers 
instead of ours. In the South Atlantic there seem to be no waters so 
warm or so salt as those of the Sargasso Sea, nor is there any system of 
currents setting to the shore; these seem to be the reasons why no larval eels 
are to be met with there. But m many other parts of the world, in the East 
Indies, in the archipelagos of the Pacific, and very notably in New Zealand 
(where eels were very important to the Maori)—in all of these regions 
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eels are plentiful; and in his later years Schmidt made a round-the>world 
cruise with the special object of tracking these many eels to their breeding- 
places in the Southern Oceans. 

Johannes Schmidt was a bom traveller. After his student days in the 
University of Copenhagen he went at once to Siam, as botanist to a 
Danish Expedition; he brought home very large collections, and for many 
years after, while busily engaged in other work, he continued to edit the 
Flora of Kok Chang, and contributed several sections to that work, on 
the Mangroves, the Combretacese, and other families. He had already 
written, with a colleague, a useful textbook on the Bacteria, soon translated 
into German; and an elaborate account of the Danish Cyanophycese or 
Blue-green Algae. 

Johannes Schmidt was a member for many years of the International 
Council for the Investigation of the Sea. In this capacity he did a 
deal of work, chiefly in connection with the cod and other Gadoid flshes, 
whose spawning-grounds, from Iceland to Spain, he traced out as diligently 
as the eel’s. In this investigation he made full use of his knowledge of 
hydrography; and showed how the distribution and migrations of the cod 
were simply determined by the physical phenomena of the sea 

As Director of the Carlsberg Laboratory he became interested in 
hops, and published a series of papers on their growth, breeding, and 
variation. Lastly, he made a number of laborious and important studies 
of variation in particular fishes, eels among the rest. He was especially 
interested in those many cases where two races, varieties or so-called species, 
were so nearly alike that a single individual of either could not safely be 
identified; but statistical evidence, the average characters of a large 
random sample of individuals, gave characters about which there could 
be no mistake. The European and American races of the common eel 
are a case in point; both vary in such a way that their characters overlap, 
and a single specimen cannot be safely referred to either. But a count of 
the vertebrae in a hundred individuals of each shows an average of nearly 
ten vertebrae more in the one group than in the other. In a certain 
inshore fish, common in the Baltic, the viviparous blenny, he found a 
similar difference between the fish in the fjords and those in the open sea, 
even between those in one fjord and another; he found that these small 
differences were in the main hereditary, as he followed them through six 
generations or more; but yet, after all, he discovered that a change of 
conditions, or environment, did produce a small but perceptible change 
of characters. These statistical studies, and the whole concept of racial 
groups on which they are based, have an importance that as yet we are 
slow to realise. 
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Johannes Schmidt was a fortunate man. His marriage was singularly 
happy, and his wife became a friend of his friends and a worker by his 
side; it associated him closely with the Carlsberg Brewery, and helped 
him to a share (without which his work could never have been done) in 
the munificent trust under which the profits of that great business go to 
the advancement of knowledge. He was a member of many Academies 
besides ours, into which he was elected in 1927; he had decorations from 
ten countries (I believe) besides his own He was at home in several 
languages. His life was as simple as it was happy; he was modest as 
he was learned; he was big-hearted and most generous. I found him a 
rarely lovable man during a friendship of more than thirty years. 

D. W. T. 
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John Stephenson, C.I.E., F.R.S. 

John Stephenson was bom at Padiham, near Burnley, Lancashire, m 
1871 and was educated at the Burnley Grammar School and the Owens 
College, Manchester, which he entered as a student of science in 1887. 
In 1890 he passed the examinations for the degree of B.Sc., London, 
with second-class honours in Zoology. In the same year he was awarded 
the English Essay Prize in the Owens College for an essay on the poetry 
of Wordsworth; he had throughout his life a strong interest in English 
literature. 

Stephenson then entered the Medical School of the Owens College, in 
which he had a distinguished career; a fellow-student states that he was 
easily the best man of his year. In 1891 he passed the London Inter¬ 
mediate M.B. in the first class with Exhibition and Medal in Anatomy 
and Medal in Physiology; in 1893 he graduated M.B., Victoria Uni¬ 
versity, and in 1894 M.B., London, both with first-class honours. During 
his last year he held appointments as house physician for six months, 
first in the Royal Infirmary, Manchester, and later in the Royal Hospital 
for Diseases of the Chest, London. 

In 1895 Stephenson entered the Indian Medical Service, being first of 
his batch. In the same year he married Gertrude, elder daughter of Mr 
Thomas Bayne, of Burnley. For the next five years he was on military 
duty with the 22nd Punjab Cavalry, including service in the North-West 
Frontier Expedition of 1897. During the following years he was on 
plague duty, and held appointments as Civil Surgeon at four stations in 
the Punjab. His spare time during these years was devoted to the study 
of Persian, and while Civil Surgeon of Murree m 1901 he passed the High 
Proficiency Persian examination. In 1905 he was home on leave and 
passed the examinations for the Fellowship of the College of Surgeons 
of England. 

In October of the following year Captain Stephenson, then Civil 
Surgeon of Ambala, was "appointed temporarily" at about a week’s 
notice to the newly created Chair of Biology in Government College,* 
Lahore, an appointment which was to fill his life for thirteen years. 

* The teaching of biology was instituted in the College in 1902, when an Assistant 
Professor was appointed; he was transferred to the Agncultural College, Poona, in the 
vacation of 1006. 
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Stephenson had studied zoology in the Owens College under the 
stimulating influence of Professor Milnes Marshall, and building on this 
foundation his instruction in the subject soon reached a high standard, 
and within a few years resulted in a productive school of zoology. The 
expansion of the work in biology rendered necessary new laboratories, 
which Stephenson planned with regard to the special conditions of climate, 
and they were ready for occupation in 1914. That his presentation of 
the subject was successful m appealing to his students is shown by the 
fact that several of them became inspired with his ideals of critical work, 
and responded to his suggestions for the investigation of the fauna of 
their country. They are now holding influential zoological posts in India 
and have published important papers on their researches. Stephenson 
thus made an important contribution to the development of zoological 
teaching and research in India. 

For his own investigations Stephenson chose the anatomy and biology 
of the freshwater oligochaetes occurring near Lahore, and began work 
on them soon after his appointment to the Chair. His first paper, on 
an oligochaete allied to Chatogaster vthxfAi he had found in February 1907, 
was published in August of that year, and was quickly followed by another 
paper on two freshwater oligochaetes—an /Bolosoma and a new species 
of Chatogaster. In 1909 he submitted to the University of London 
a thesis, which was approved for the degree of Doctor of Science, on 
the aquatic Oligochseta of the Punjab, the most interesting part of 
which is an account of the phenomena of antiperistalsis and ascending 
ciliary action in the intestine of these worms, with some general con¬ 
siderations arising therefrom. Stephenson showed that the inhalent 
function of the intestine is common in these worms, and suggested that 
it is possibly the primitive function—the intake of oxygen in solution— 
and he added some critical considerations on the evolution of the vascular 
system in oligochaetes. In 1909 when on leave he spent some time at 
the Marine Biological Station, Millport, working on the littoral Oligo- 
chaeta of the Clyde, on which he contributed a paper to the Society’s 
Transactions in 1911. On his next leave he worked for a month in the 
summer of 1912 at the Marine Laboratory, Plymouth, chiefly on in¬ 
testinal respiration in Polychaeta, and he then expanded his thesis of 
1909 so that it constituted a study of intestinal respiration in annelids, 
with considerations on the origin and evolution of the vascular system 
in this group. This paper was communicated to the Society and published 
in 1913. 

About this time Stephenson received a collection of earthworms, 
made, during the Abor Expedition, in Assam and the Abor country— 
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the first of the many collections from the Oriental Region which came 
into his hands—and his interests henceforth widened to the oligochsetes 
in general. Throughout his period in Lahore he maintained a steady 
output of published work on collections of these worms from India, Japan, 
and China, and on structural details, e g. the cells of the pharyngeal glands 
and septal glands, the prostate glands (with Haru Ram) and the calciferous 
glands (with B. Prashad). 

In igi2 Stephenson was appointed Principal and in 1918 Vice- 
Chancellor of Government College. The strain of his duties during the 
war years—an anxious period for those in charge of youth in India— 
began to tell upon his health, and m the spring of 1919 he decided to 
resign his appointments in Lahore, which he vacated in September of 
that year to the great regret of staff and students. He was a highly 
successful Professor and Principal, kind, firm, and understanding. His 
dealings with the students were characterised by unfailing courtesy and 
by scrupulous fairness, which gained their admiration and respect, and 
his quiet effective personality left a deep impression upon them. 

In June 1920 I was able to offer Lieutenant-Colonel Stephenson a 
Lectureship in Zoology which had been recently established in the 
University of Edinburgh, the duties of which consisted principally in 
directing students in their work on invertebrates. This appealed to 
him as a congenial post, and he commenced duty in October of that year. 
For nine years he shared with me the lectures on invertebrates and on 
a number of special subjects given to the advanced students. His teaching 
was clear and concise, and characterised by a wide scientific outlook; 
in the laboratory his critical supervision was greatly appreciated, especially 
by the students reading for honours, to whom he gave unsparingly help 
and encouragement. I may be permitted to add that he was a most 
efficient and trusted colleague and a loyal friend. 

Stephenson was assiduous and methodical in research. He continued 
his investigations on earthworms, and published while in Edinburgh a 
score of papers. The majority of these were on systematics and dis¬ 
tribution, others described the septal and pharyngeal glands (a continua¬ 
tion of previous work), blood glands, the diffuse production of sexual 
cells in a species of Chatogaster, and the sexual organs of Naidium. In 
ajiaper published in 1921 Stephenson discussed evolution in the family 
Megascolecidae; he showed that, knowing which characters are primary 
and which secondary, it is possible to work out the sequence of evolution 
of principal genera and that a number of the genera have had a 
multiple origin—that is, are polyphyletic. In the same paper he set forth 
his views on problems of distribution in the Oligochmta, stating his 
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objections to several of the land-bridges, e.g. the Indo-Australian, which 
had been postulated in order to explain the present range of distribution of 
certain genera and offering alternative views. In 1923 he published a 
volume of 518 pages on the Oligochaeta in The Fauna of British India. 
After the list of references to the literature, which formed a complete 
bibliography for the species found in India, he gave a useful account of 
the methods of examination of oligochsetcs, followed by a summary of 
the geographical distribution of Indian Oligochsta, with remarks on 
their bionomics, and then passed to the systematic description of the 
fifty-five genera and three hundred and forty-five species recorded from 
India. This work is notable for its clarity and method, and for the 
practical treatment of the subject which was the outcome of the author’s 
intimate knowledge of his material derived from innumerable dissections 
and other preparations. 

His last work in Edinburgh was the preparation of a monograph on 
the Oligochaeta. In 1927 he was appointed a Carnegie Teaching Fellow 
and relieved of all duties except those in connection with the senior 
students, and henceforward he devoted the major part of his time to the 
preparation of the monograph (published by the Clarendon Press in 
January 1930), which he completed and saw through the press before he 
left Edinburgh. He brought to the preparation of this volume of almost 
a thousand pages a thorough mastery of the structure and classification 
of oligochaetes, an extensive knowledge of the literature, and a flair for 
concise and clear presentation of facts and conclusions. He produced a 
monograph of exceptional merit which, in addition to the anatomical 
and systematic descriptions, contains a summary of his conclusions on 
the evolution of oligochaetes, on convergence and polyphyly, and on the 
bearing of the known facts of geographical distribution of oligochaetes 
on palaeogeographical problems such as the former existence of a more 
extensive antarctic continent and of Indo-Australian and other land- 
bridges. His nine years in Edinburgh were his most productive period 
in published work; he became one of the two recognised authorities on 
the Oligochaeta. 

In 1928 Stephenson was appointed Editor of The Fauna of British 
India in succession to the late Sir Arthur Shipley, and one of the Editors 
of The Annals and Magaetne of Natural History. 

On leaving Edinburgh in November 1929 he went to reside in London, 
and continued until a few weeks before his death his investigations on 
oligochaetes as an unofficial worker in the British Museum (Natural 
History). These resulted in several systematic papers, including one on 
a new species of Nats living parasitically under the eye and in the 
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Harderian glands of East African frogs. In 1931 he became Zoological 
Secretary of the Linnean Society and took an active interest in its affairs, 
and especially in the publication of the zoological papers. 

Stephenson was made, in 1919, a Companion of the Order of the Indian 
Empire in recognition of his services in Lahore. He was elected a Fellow 
of the Royal Society of Edinburgh in 1912 and w'as awarded the Keith 
Medal m 1920. He was elected a Fellow of the Royal Society of London 
in 1930. 

He regarded as a recreation his studies—^which were carried out with 
his usual thoroughness and care—on Persian and Arabic literature. In 
1910 the Asiatic Society of Bengal published his translation of the first 
book of the Hcuiiqatu' l-Haqiqat (“Enclosed Garden of the Truth") of 
Sani’I. The original poem, written probably about 1140 A.D., is Sanl’i’s 
most important work and one of the early Persian text-books of the Sufi 
philosophy. On finding there was no European edition or translation 
Stephenson collated half a dozen manuscript and lithographic editions in 
the preparation of the text and made a translation, appending numerous 
notes. He also translated the zoological section of the NuBhatu 4 -Qulub 
("Heart’s Delight”), which was published by the Royal Asiatic Society in 
1928. This work, which was compiled by a Persian writer, Hamdull&h 
MustaufI of Qazwin, about 1340, gave a conspectus of zoological know¬ 
ledge of the time, and “constitutes one of the very few extant zoological 
treatises of the Islamic East." 

Stephenson was held in high esteem for his attractive personality, his 
sound judgment, and his readiness to help in matters relating to the 
advancement of zoology in Britain and in India. 

He died in London on the 2nd February 1933. 


J. H. A. 
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Sir J. Arthur Thomson, M A., LL.D. 

On February 12, 1933, within two years of his retiral from the Chair of 
Natural History at the University of Aberdeen, where he had taught with 
great effect for thirty-one years, J. Arthur Thomson succumbed to a 
heart illness at his home at Limpsfield, Surrey. He will be most widely 
remembered for the success of his endeavours to bring scientific knowledge 
home to the plain man, but his zoological investigation.s and philosophical 
essays bear witness besides to much activity in the cause of knowledge 
for Itself. 

Born in 1861 at Saltoun in East Lothian, Thomson graduated M A 
at the University of Edinburgh in 1880 A son and grandson of the 
manse, he aimed at the ministry and completed the divinity course at 
New College; but the pull of heredity (his grandfather was Dr David 
Landsborough of the little books on seaweed and zoophytes), and the 
influence of his teachers, Alleyne Nicholson, Dickson, Cossar Ewart, 
Geikie, Rutherford, and others, determined his course towards the study 
of Nature. His post-graduate experience was wide: m 1883-4 he was 
working in Ernst Haeckel’s zoological laboratory at Jena, in 1884 he 
moved on to Professor Delage’s marine laboratory at Caen, and in 1885 
he was concentrating upon the histology of sponges in F. Eilhard Schultze's 
laboratory in Berlin. 

On his return to Edinburgh in 1886 he began the teaching career 
which was to place many generations of student-s of biology deeply in his 
debt. Following upon a variety of lecture courses in Edinburgh and 
occasional experience as substitute for Professor Haddon in Dublin, 
Professor Prince in Glasgow,'and Professor Henry Drummond in Glasgow 
Free Church College, in 1899 he was appointed by the then Secretary for 
Scotland, Lord Balfour of Burleigh, to the Regius Chair of Natural 
History at the University of Aberdeen, left vacant through the death of 
Henry Alleyne Nicholson He taught with clearness, sympathy, and 
imagination, and one of the indications of his success is the presence of 
his pupils in many important zoological posts. 

Even during the stress of his extraordinary teaching activity, Thomson 
kept in close touch with scientific developments. For many years he con¬ 
tributed an annual section to the Zoological Record, and was responsible 
for the zoological extracts in the Journal of the Royal Microscopical 
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Society, With the greater opportunities at Aberdeen, he turned to the 
investigation of the coral-like Alcyonaria, and contributed a large number 
of systematic papers on collections of the group from all parts of the 
world, notable among them being memoirs on the collections of the 
Australian Thetis Expedition, on the Prince of Monaco’s collections, 
and on those of the Dutch Stboga Expedition to the East Indies. 

There can be no doubt, however, that Sir Arthur Thomson gained 
recognition most widely as a writer of books. The quantity and the 
variety of his written work was enormous. Some of his books, like 
The Evolution of Sex (i88g), written with the late Sir Patrick Geddes, 
made a lasting impression upon scientific thought; others, like The Science 
of Life (1899), Heredity (1908), and The System of Animate Nature 
(St Andrews Gifford Lectures of 1920), classified and systematised aspects 
of scientific progress or modern concepts of life; while his last great work, 
also written with Geddes, Life: Outlines of General Biology (1931)1 is 
a rich storehouse of facts bearing upon a very wide variety of biological 
themes. Besides this more austere aspect of his writing, Thomson had 
the art, rare and not easily acquired, of expressing scientific truths in 
language simple, clear, and beautiful, so that the plain man could under¬ 
stand and appreciate. He became more and more an evangelist pro¬ 
claiming to the people the gospel of the interest and beauty and wonder 
of living things. 

In 1887, when he was appointed Lecturer in the School of Medicine 
in Edinburgh, Thomson became a Fellow of the Royal Society of 
Edinburgh, and during two terms (1906-8 and 1920-23) he served on the 
Council. He was an LL.D. of his own University of Edinburgh, as well 
as of the Universities of McGill and California, and in 1930, upon his 
retiral from the Chair of Natural History in Aberdeen University, a 
Knighthood was conferred upon him. Sir J. Arthur Thomson is survived 
by Lady Thomson, who shared in his labours and achievements, and by a 
family of three sons and one daughter, all of whom have written books of 
value on different aspects of biological science. 

J. R. 
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WilUam Arthur Williams, F.I.C. 

After a short illness, Mr W. A. Williams, Works Manager of the North 
British Rubber Co., Ltd., Castle Mills, Edinburgh, passed away on 
December 29, 1932. He had not enjoyed robust health for a few years, 
but a three months’ tour in South Africa in 1928 did much to restore his 
former vitality, and he continued to interest himself in the scientific 
as well as the managerial side of his life’s work until within a short time 
of his sudden death. By his death the rubber industry has been deprived 
of one of its pioneers in the application of scientific methods and principles 
to the introduction and control of manufacturing operations 

Born in 1879, he received his school education in Finsbury, whence 
he passed to the City and Guilds Technical College to study chemistry 
under the late Professor Raphael Meldola, F.R S., and Mr Streatfeild. 
The sound technical training he there acquired remained one of Mr 
Williams’s main assets throughout his business career, and his outlook on 
industrial problems was inspired by his early technical training. He was 
awarded the Senior Scholarship as the best final student of his year on 
the completion of his course in 1898, and he became research assistant 
to Professor Meldola, with whom he collaborated in a paper on polyazo 
compounds read before the Chemical Society in 1899 

Mr Williams was the first chemist appointed to the staff of Castle 
Mills, taking up duties there in May 1900. He was soon able to show 
the value of the application of his scientific training in the elucidation of 
works problems, and in experimenting with and standardising new tests 
for control of factory operations. Improvements were made in the 
laboratory accommodation and equipment, and a staff of qualified 
assistants was appointed. 

His organising ability found further scope when he was appointed 
Assistant General Works Superintendent, and shortly afterwards Works 
Manager, a position which he held till his death. 

During the period of his association with the rubber industry (which 
previously had been largely guided by "rule of thumb’’ methods) 
important progress was made towards the standardising and scientific 
control of factory processes, and, in collaboration with the rubber pro* 
ducers, the manufacturers succeeded in overcoming the many problems 
attendant on the introduction and development of plantation rubber. 
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Mr Williams contributed several papers on the subject of variability of 
plantation rubbers during this period of transition from wild rubbers to 
plantation rubbers. 

He was highly esteemed by all those who came under his charge, and 
was keenly interested in improving the working conditions throughout 
the factory. 

He was elected a Fellow of the Institute of Chemistry in 1918 and a 
Fellow of the Royal Society of Edinburgh in 1924. In 1925 he was 
elected Chairman of the Edinburgh section of the Society of Chemical 
Industry. He was a Member of Council of the Institution of the Rubber 
Industry and a member of its Board of Examiners, and took an active 
part in the work of its Scottish section. He also held the post of President 
of the Royal Scottish Society of Arts and received the Gold Medal of 
that Society on relinquishing this post in 1929. 

C L. A. 
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Francis Ernest Bradley, M.A., LL.D.(Lond.), Judge of County 
Courts, Circuit No. 4 (N.W. Lancashire), since 1921, was a member of 
the Court of the University of Manchester as representative of Con¬ 
vocation from 1921 to 1930, and was Chairman of Convocation for 1928- 
1929. He w'as the author of Handbook to the Compames Act (1900); 
Debtors and the War (1914); Private Companies, their Constitution and 
Management (1917); Company Principles and Precedents (1920); and 
of essays in several Law journals. 

He was elected a Fellow of this Society in 1916, and died on September 
3. 1933- 

Rev, Joseph Robert Fraser, F.S.A Scot., was Minister of the New 
Parish Church of Scotland, Kinneff, Inverbervie, Montrose. He was 
elected a Fellow of the Society in 1915, and died on January 22, 1933. 

John Henderson, D.Sc., A.M.Inst E E., was elected a Fellow of the 
Society in 1900, and died on June 9, 1933. 

Theophilus Bulkeley Hyslop, M.D , C.M., M R.C.P.E., late 
Physician Superintendent to the Royal Hospitals of Bridewell and Beth- 
lem; P.M.O. King Edward’s Schools, London and Witley, Lecturer 
on Psychological Medicine, St Mary’s Hospital and London School of 
Medicine for Women, was educated at Edinburgh, London, and Paris 
Dr Hyslop was a remarkably versatile man He was a player in several 
orchestras, and wrote a number of orchestral works He was also an 
artist, his pictures being accepted by the Royal Academy on several 
occasions. He was the author of A Text-Book on Mental Physiology; 
The Borderland\ and of numerous articles on neurology, psychology, 
and medicine. 

He was elected a Fellow of the Society in 1908, and died on Februaiy 
12. 1933- 

Robert Jardine, M.D.(Edin.), M.R.C.S., F.R F.P.S.(Glas.), was 
bom in Jardineville, New Brunswick, on January 30, 1862, and was 
educated at Mpunt Allison College, New Bmnswick, Edinburgh Uni¬ 
versity, and the London Hospitals. After holding several posts in Glasgow, 
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he was appointed Professor of Midwifery and Dean of St Mungo’s College, 
Glasgow. He was the author of A Text-Book on Midwifery (1899); 
Clintcal Lectures on the Hamorrhages of Pregnancy (1899); Cltnical 
Obstetrics (1903); Delayed and Compheated Labour (1911); and of 
numerous papers on obstetrics and gynaecology in medical journals. 

He was elected a Fellow of the Society in 1901, and died on December 

17, 1932 

Spencer Mort, M.S., M.D., F.R.C.S.E., studied at the Universities 
of Glasgow, Paris, Dresden, Stockholm, Munich, and Amsterdam, and 
for twenty-two years held the appointment of Medical Superintendent 
and Surgical Director of the North Middlesex County Hospital, Edmonton. 
During the War he was a Lieut -Colonel in the Royal Army Medical 
Corps, and Officer Commanding and Chief Consulting Surgeon to the 
Special Military Surgical Hospital at Edmonton, being twice mentioned 
in dispatches Among his published works are a thesis on Resistance 
to Peritoneal Bacterial Infection (1913); and on Surgical Experiences 
at North Middlesex Hospital He was also the author of numerous 
articles on operative surgery and radium therapy. 

He was elected a Fellow of the Society in 1914, and died on November 
21, 1932. 

John W. Tait, B.Sc., was Rector of Leith Academy for over twenty 
years, and retired about ten years ago. He was elected a Fellow of the 
Society in 1904, and died on December 17, 1932, in his seventy-first year. 

James Edward Talmage, D.Sc., LL.D., F.R.M.S., F.G.S., formerly 
President and Professor of Geology, University of Utah, was bom at 
Hungerford, Berks, on September 21, 1862, and died on July 27, 1933. 
He was elected a Fellow in 1895. 

John Millar Thomson, LL.D.(Glas.), F.R.S., F.C.S, F.I.C., 
Hon. Fellow King’s College and Queen’s College, London, was born 
in the precincts of the Old College of Glasgow on March 7, 1849. 
He was Professor of Chemistry, King’s College, London, from 1887 to 
1914, and Vice-Principal from 1905 to 1914. 

He was elected a Fellow of the Society in 1880, and died on March 22, 
1933. (For details of his life and work see Obituary Notices of Fellows 
of the Royal Society, No, 2, December 1933.) 
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PROCEEDINGS OF THE STATUTORY GENERAL 
MEETING 

Beginning the zsoth Session, 1932-1933. 

At the Statutory General Meeting of the Royal Society of Edinburgh, held m the Society’s 
Rooms, 24 George Street, on Monday, October 24,1932, at 4.30 F u , 

Professor Sir E. A Sharpey-Schafcr, F R.S., President, in the Chair, 
the Minutes of the Statutory Meeting held on October 26,1931, were read, approved, and signed. 

The General Secretarv submitted the following Report.— 

SECRETARY’S REPORT, OCTOBER 24, 1932. 

By request of the Council, addresses were delivered on " David Hume and Modem Science,” 
by Professor R. A. Sampson, LL.D , F R S , on December 7, 1931, “ Research on Whales id 
the Antarctic,” by Dr N A. Mackintosh, A R C S , on March 7, 1932, and on “Conduction 
and Automatism in the Maiomahan Heart,” by Professor Pierre Rijlant, University of 
Brussels, on June 20, 1932. On July 4, 1932, m commemoration of the Centenanr of the dea^ 
of Sir Walter Scott, who was President of the Soncty from 1820 to 1832, Profmor H. J. C 
Grierson, M A , LL D , delivered an address on “Scott and the Historic^ Novel.” 

40 papers were read, as compared with 34 tn the previous session. The papers were divided 
among subiects as follows Mathematics, 7, physics, i; chemistry, 4; engineering, i; 
geology ana mineralogy, 7, paiseontology, 5, latany, 3, plant physiolow, i; zoology, 3, 
human genetics, 3; animal genetics, 3, physiology, 2 9 papers have b^n publisl^ or 

are being publiahM in the Transaeltont, and 23 m the Proiiedtngt 7 paper* were read but 
have not yet been submitted m final form, and i was declined for pubheauon Several papers 
were received during the session which were found unsuitable for presentatiou to the Society. 

The Society has lost by death 24 Fellows and 4 Honorar> Fellows, and 6 Fellows have 
reugned. 31 Fellows were elected 

Invitations were rcc'eivod, and the Soiicty was represented as follows on the occasions 
mentioned — 

I University of Amsterdam, Tercentenary Celebration, June 27, 1932. Professor D'Arcy 

W. Thompson, C B., F.R S., presented address 

2. Royal Society of Cana^ 50th Aniuvemaiy, May 20-28, 1932 Professor J Mbakins, 

M.D , LL.D., presented Mdress 

3. National Academy of Saences, Washington looth Anniversary of the Electrical Dis- 

covenes of JOSEPH Henry April 25,1932. Letter sent. 

4. Tartu University (Dorpat). Tercentenary of ito Foundation, June 30 and July 1, 1932. 

Professor L Y. Simpson, D.Sc , presented address 

5. Congress of Entomology, Paris, July 18-23, 'W*- Letter sent. 

6. Intemational Congress of Mathematicians, Zunch, September 4-J2, 1932. Professor 

E. T Whittaker, F.R.S , Professor H W. TuRNBum F.R S , and Professor J. E, A. 
Stbcoall, M a 

7. Sjnnoza Tercentenary The Hague, September 1932. Letter sent 

8. National Trust for Scotland. Society’s representative, the Hon Lord Sands 

A medal to be awarded in 1933, together with a sum of money, as the DAVID ANDERSON* 
BERRY PRIZE, has been designed by Mr Percy Metcalfe, designer of the comage of the 
Irish Free State. The dies have been made at the Royal Mint, and a bronze replica is now in 
the possession of the Soaety. 

’The KEITH PRIZE for the period 1929-1931 was awarded to Dr A. W. Greenwood of 
the Umverstty of Edinburgh. 

The NEILL PRIZE for the period 1929-1931 was awarded to Dr C. H. O’Donochub of 
the University of Edinburgh. 
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The BRUCE PRIZE for the penod 1930-1933 wu awarded to Mr Hinky Gimo Watkiks, 
who, unfortunately, met hi* death by drowning m Lake Fjord, Greenland, on Auguat 30, 1933, 
while lesdmg the British Arctic Air Route Expedition. 

After caieful consideration by a Committee, a more durable paper has been decided upon 
for the TransacHotu and Procudxngt, and a new type has been sdected for the ProcttdtjM, 
Thu will result in a saving of approximately 10 per cent, in the cost of prmting per sheet. 'Hie 
TrmuachoHS, already in monot^, will be charged as formerly. 

Reference was made m my last report to the collaboration of the Society with the Royal 
Society of London, to arrange for the Second Polar Year and to administer the grant of p, 10,000 
for this purpose made by the Air Ministry. The Joint Comnuttee, reinforced by some outside 
members, has conhnucd its work and ha* dispatched a party to Fort Rae m Canada and a 
second one to TromsO in Norway. The Society, with the approval of the Committee, has itself 
arranged for auroral photographs and observations to be made at Uraiirth in Shetland, and 
these are now m progress 

The Council of the Society drew the attention of the Town Council of Edinburgh to the 
neglected condition of the David Hume monument in the Old Calton Burial Ground. As a 
consequence steps have been taken to improve its condition. 

The Calendar of the Hume MSS. in the possession of the Royal Society of Edmburgh, by 
Dr J. Y. T. Grrig and Harold Brnyon, has now been published as Vol. 53, Part I, of the 
Proettdmgs, and has been arculated. 

A number of new exchanges of publications were initiated during the session. 

In connection with the Scott Centenary Exhibitions m Edinburgh and Glasgow, it mav be 
mentioned that the Society lent to these exhibitions its portrait of Sir Walter Scott by Graluim 
Gilbert. 

The aiknowledgment of the Society is due to the Carnegie Trust for the Univemtiet of 
Scotland for grant* to authors towards the costs of the illustradons of papers publisbed by the 
Society, amounting to /Sy, i6e 7d ; to the Umversity of Liverpool Dunning Lawrence Research 
Fund for a grant of /as towards the cost of publication of Dr Tudor Jonrs's recent paper in 
the Trantattvont-, and to the Royal Soaety of London for a sum of /350 from the Government 
Pubbcation Grant m aid of the cost of pnnting the Soaety’s Trantaettons and Precttdxngi 
during the session 1931-1933. 

Trkasurrr’s Rrport.— 

The Treasurer stated that there were no specially outstanding features with regard to the 
finances of the past year. 

There had been an increase in the amount received for contnbutions, so that while last year 
there was an advene balance on the year of over £(a, the Account* of this year show a surplus 
of over 

The President m the courn of his remarks drew attention to the fact that the Society 
hsul never confined itself to saence, but had always taken a prominent part in the encourage¬ 
ment of hterature os well. While referring to the value of addresses piven from time to tune 
by eminent saentuts, insUncing especially that of Bohr m the previous session, and m the 
present session that of Rijlant, who gave the Society a ludd exposition of the researches of 
Demoor and himself, the President recalled in the literary field the address above referred 
to on David Hume, and especially that on Walter Scott, with which Professor H. J. C. Grierson 
had favoured the Soaety. He also referred to the Iossm of the Soaety by the death of Ordinary 
and Honorary Fellows, details of which may be found in the Obituary Notices already pubhshed. 
To these must be added, though not a FeUow, the name of the Bruce Medallist, Henry Gino 
Watkins, whose tragic death by drowning in Greenland occurred on August 20, 1933. 

The President nominated a* Scrutineers of the Ballot, Dr Robert Campbell and Mr J. W. 
Butters. 


The Ballot for the Election of Council and OfSce-Bearer* was then taken. 

Mr John Bartholomew moved the odopdmi of the ReporU and the reappirintment of Messrs 
Lindsay, Jamieson & Haldane, C.A., as auditors for the ensuing session. These motion* 
were approved. 

The Scrutmeera reported that the Ballot Papers were in order, and the President declared 
that the following Council and Office-Bearen had been duly elect^:— 
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Piofe««or Sir E. A. Sharfev-Sckafkr, M.D., D Sc., LL.D , F.R.S., President 
Profewor J. H. Ashworth, D.Sc., F.R.S. 

Arthur Looam Turner, M.D., LL.D, F.R C.S.E. 

J. B. Clark, M.A , LL.D., T.P. 

Profeuor James Ritchie, M.A , D.Sc. ■ Vice-Presidents. 

Pnnci^ Sir Thomas H. Holland, K.C.S I, K C.I.E,, D L , D.Se,, 

LL.D, F R.S. 

The Hon. Lord Sands, Kt, LL D., D D 

Profeuor R. A. Sampson, M A , D Sc , LL D, F R.S , General Secretary 
Professor C. G. Darwin, M A , F.R.S. \ ri~i „ 

Professor F. A. E Crew, M D , D Sc , Ph.D. } Secretaries to Ordinary Meetings. 

James Watt, W.S , LL D , Treasurer 

ftofcssor D’Arcy W. Thompson, C.B , Hon. D Sc, D Litt, K R S, Curator of 
Library and Museum 


ORDINARY MEMBERS OK COUNCIL. 


Murray Macgrboor, M A, D Sc. 

A. Crichton Mitchell, D.Sc. 

Professor P. T. Herrino, M.D , F.R.C.P.E. 
Professor James P. Kendall, M A., D Sc., 
F.R.S. 

Professor Thomas M. MacRobrrt, M.A., 
D.Sc. 

Professor Godfrey H. Thomson, D Sc., Ph 1) 


Malcolm Wilson, D Sc., A R.C S., F L.S 
Professor E fi. Bailey, M.C., M A, F R.S. 
Professor j. C Brash, M.C., M.A., M.D. 
Professor A. J. Clark, M C., B.A , M.D., 

Professor A G. Ogilvie, M.A., B.Sc. 
Professor E M Wbddbrburn, M A., D Sc , 
LL B , W .S 


The President, before closing the meeting, thanked the Scrutineers for their services. 
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PROCEEDINGS OF THE ORDINARY MEETINGS, 

' Session 1^-1933. 

FIRST ORDINARY MEETING. 

Monday, November 7, 1932 

Profeasor Sir R. A Slwrpey-Sthafrr, F R.S., President, in the Chair. 

The Minutes of the last Ordinary Meeting were taken as read. 

The following Communications were submitted— 

1 Supernumerary Pectoral Fins in .ffoid rrrm/anr Loudon. By W. F. HAapita, Ph D., M.B. 
Communicated by Professor A. D Pracock, D.Sc Proe , vol. 53, pp. 26-30 

2. The Innervation of the Uterus By Miss Amy M. Flbmino, M.D., M.C O.G. Com* 
mumcated ^ Professor E. P Cathcart, C B E , F.R S Trans , vol 57, pp. 473-490. 

3 On the Development of the Olfactory Organ in Protopterus By Miss Masoaret H. 
Fullarton, B Sc Communicated by Professor J Graham Krrr, F.R.S. Proe, vol. 53, 

pp. 1-6. 

4. Development and Probable Evolution of the Suctonal-disc in the Tadpoles of Pana afgkana 
Gdnther. By Sunder Lal Hora, D Sc Trems . vol 57, pp. 469-472. 

5. Evolution of the Catopterid Fishes. By James Brough, B.Sc Commumcated by 
Professor H. Graham Cannon, M A , Sc D (Read by title) 

6 Contnbutions to the Study of the Old Red Sandstone Flora of Scotland. Part VIII • 
On Arthrostigma, Psilirnhyton, and some Associated Plant-remains from the Strathmore Beds of 
the Caledonian Lower Old Red Sandstone. By Professor W H Land, F R S Trans , vol 57, 
pp 491-521 (Read by title) 


SECOND ORDINARY MEETING 
Monday, December 5, 1932. 

The Hon. Lord Sands, LL D , D D., Vice-President, in the Chair. 

The Minutes of the last Ordinary Meeting were taken as read. 

The following Communications were submitted:— 

I. The Metamorphism of the Decside Limestone By Arthur G Hutchison, D.Sc 
Commumcated by Professor H H. Read, DAc. Trans , vol. 57, pp «7-S9a 

2 Notes on the Kidston Collection of Foaitl Plant Slides. No. l: The Anatomy of the Axis 
of Lepidodendren Broumii Unger sp , special reference to the Relationship between this 
Stem and Leptdostrohus Brotantt Unger sp By Mary G. Cai.drr, B.Sc Communicated by 
Dr S Williams. Trans , vol 57, pp. 547-555. 

3. The Restoration and Regeneration of the Epithelium and Endometrium of the Uterus of 
Cavia Post Partum in Non-pregnant Animals. By William J. Hamilton, M.Sc , M B., B.Ch. 
Communicated by Professor T H Bryck, F R.S. Trans., vol. 57, pp. 592-600 

4. Eiroahsion and Contraction of Coal caused respectivdy 1^ the Miption and Discharge of 
Gas (Preliminary Notice) By Professor H Briror, D.Sc., and R P. Sinha. B.Sc five., 
vol. S3, pp 48-53 

. The undemoted Papers were read by title:— 

5 On Properties of Null Geodesics, and thar Application to the Theory of Radiation. By 
W. O. Kkrmack, M a., D.Sc , W. H. M'Crea, M A , Ph.D , and Professor E. T. Whittamr, 
r.R.S. Proe , vol. S3, pp 31-47- 

6. A Matrix Notation for Mendelian Populations. By Professor Lancelot Hooben, M.A., 
D.Sc. Proe., vol. 53, pp. 7-y- 

7. Onjhe Graduatitm of Data by the Orthogonal Polynomials of Least Squares. By A. C. 
Aitkem, ifcA., D.Sc. Pros., vol. 53, pp. 54-78. 
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THIRD ORDINARY MEETING 
Mimd^JaHuary 9, 1933 


Profeuor Sir E A. Shitrpcy-Schafer, F.R S , Prcndcnt, in the Chair. 

The Minutei of the leit Ordinary Meeting were taken aa read. 

At the request of the Cotucil Dr JoHti E. Mackenzie and Dr Harry W. Melville gave 
on experiinental demonstration of the Measurement of the Diffusion Coefficients of Bromine- 
Hydrogen and Bromine-Carbon Dioxide, and Professor James G. Gray, D Sc., gave an ^dreu, 
with demonstration, on “Self-erecting Gyrostats ” 

The undemoted Paper was read by title — 

On the Measurement of Spatial Distance in a Curved Space-time By H S Rusk, M.A , 
D.Sc /Vac., vol 53, pp. 79-8R 


FOURTH ORDINARY MEETING 
Monday, February 6, 1933. 

Principal Sir Thomas H Holland, K.C S.I., K C I E , LL D , F,R.S , 
Vice-President, in the Chair. 

The Minutes of the lost Ordinary Meeting were taken as read 

The Vice-President referred to the illness of the President, and intimated that the news of him 
was good 

The following Communications were suiimitted-— 

I. A Case of Non-disjuncfion in the Fowl. By Professor F. A E. Crrw, M D , D.Sc, Ph.D 
Proe , vol S3, pp 89-104 

3 Studies on the Scottish Marine Fauna the Natural Faunistic Divisions of the North Sea, 
illustrated by the Quantitative Distribution of the Molluscs By A C. Strphbn, B Sc Trans,, 
vol, 57, pp. 6oi-di6 

3. The Diurnal Inadence of Disturltance in the Terrestnal Magnetic Field By A Crichton 
Mitchell, D Sc TVan/, vol 57, pp 617-633 

The undernoted Papers were read by title — 

4 The Intellectual Resemblance of Twins. By Ixiuis Hbrrman, M A , and Professor 
Lancelot T. Hogbkn, M.A , DSc /Viv.vol 53,pp 

5. Spermatogenesis in Drosophila obscura Fallen. I —^Tne Cytological Basu of Suppression 
of Crossing-over By P. Ch KOI LKR and Thelma Townson Communicated by Jmfessor 
F A E Crew, M D , D.Sc , Ph D Proc, vol 53, pp. 130-146 


FIFTH ORDINARY MEETING 
Monday, March 6, 1933 

Dr J B. Clark, M A , Vice-President, in the Chair. 

The Minutes of the last Ordirury Meeting were token as read 

The election of Fellows then took place The Vice-President, from the Chair, nominated 
Dr Alexander Lauder and Lt -Col. L. M. Davies as Scrutineers After the ballot die 
following candidates were stated by the Vice-President as having been duly elected Fellows of 
the Society:— 

Frederick Latham Arnot, Prabodu Chandra Banerjee, James Livinostone Beoo, 
Thomas Robert Bolam, Finlay James Cameron, John Irvine Carswell, Arthur Mel¬ 
ville Clark, Arthur Lancelot Craio-Bbnnstt, Edmund Gilbert Dvmond, John 
Maxwell Ersxine, Thomas Ferguson, Charles Forrester, Williah Hope Fowler, 
Auouitus Wh. de Rohan Galbraith, Alfred Charles Gardner, Robert Pollock 
Gillsspir, Thomas Hainino Gillespie, William Gilmour Guthrie, Edoar Ershnk 
Hume, David Lees, James Maclsod, John Malcolm, William John Milne Mbnzibe, 
Louis Melville Milnb-Thomson, John Murray, Thomas Nicol, Charles Wynford 
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Paxsons, Alfred Wiluam Noel Fillers, Frank Anderson ^ilue Preston, John 
Livinoston Somerville, John Barclay Tait, Georoe Tavlor, Geoffrey Timms, John 
Mitchell Watt, William Frederic James Whitley, James Wright. 

The Vice-President, from the Chsir, thanked the Scrutineers for their services. 

The Vice-President intimated that Council had decided to make the following awards:— 

The MAKDOUGALL-BRISBANE PRIZE {1930-193*) to Dr A. C. AITKEN, for various 
contributions to Mathemabcs published in the Soderirs PretMAngt 

The GUNNING VICTORIA JUBILEE PRIZE (1948-193*) to Emeritus Professor Sir 
JAMES WALKER, F R.S , for numerous contributions to Physic^ and General Chemiitiy. 
The awards to be made at the Ordinary Meeting of the Society on July 3. 

The Vice-President announced that tiie BRUCE-PRELLER LECTU^ (1933) 'tould be 
given by Professor C. II. LANDER, C.BE., on October *3, 1933, on the su^ect of the 
Utilisation of Coal. 


The following Communications were submitted:— 

I. The Late-gladal Readvance Moraines of the Highland Border west of the River Tay. 
.By J. B. Simpson, B Sc (Agr), D.Sc Tratu , vol 57, pp. 633-646 

a. Help from America in reading Scottish Tectomcs By Professor E. B Bailey, M.C., 


3. On die Pituitary in L*pidottr*n and its Development By T. Kerr, M A. Commum- 
cated ty Professor J. Graham Krrr, F R S. Proc , vol. 53, pp. 147-150 (Read by Utle.) 


SIXTH ORDINARY MEETING 
Monday, May i, 1933 

The Hon. Lord Sands, LL D , D.D., Vice-President, in the Chair 
The Minutes of the last Ordinaiy Meeting were taken as read 

The following were admitted to the Soaety.—Dr F. L. Arnot, Mr F. J Cameron, 
Mr J I Carswell, Dr A M. Clark, Dr A L Craio-Bennbtt, Mr E G Dymond, 
Dr Thomas Ferguson, Dr W. H Fowler, Mr A. C Gardner, Mr T. H. Gillespie, Dr 
W G. Guthrie, Mr James Macleod, Mr W J M Menzies, Dr John Murray, Mr J L. 
SoMERViLi r, Dr O Timms, and Dr W F J. Whitley. 

The Chairman announced the following nominations to Hopotary Fellowship:— 

Foreign Honorary Fellows- John Jacob Abel, Professor of Pharmacology, Johns Hopkins 
Umversity, Baltimore; FiLIPPO Bottazzi, Professor of Experimental Physiology, Royal 
Institute of Physiology, Naples; Edwin Grant Conklin, Professor of Biology, Princeton Uni- 
veirity; Nikolai Konstantinovic Koltzoff, formerly Professor of Zoolo^, Sute Umversity, 
Moscow; Albrecht Penck, Geheimrat Professor (Emeritus) of Geography, Fnedrich-Wilhelms- 
UniversitRt, Berlm; Pieter Zeeman, Professor of Physics, University, Amsterdam. 

British Honorary Fellows: Sir Groror Macdonald, K.C.B , LL.D., Edinburgh; Sir 
William Napier Shaw, Kt, LL D , F.R S , London 

The Chairman presented the JAMES SCOTT PRIZE (1933) to Professor Dr ARNOLD 
SOMMERFELD of the University of Munich, who then deliver^ a lecture entitled: “Way* 
to the Knowledge of Nature.” 


SEVENTH ORDINARY MEETING. 

Mond^, May 15, 1933. 

Professor J. H. Ashworth, F.R.S., Vice-President, in the Chair. 

The Minutes of the last Ordinaiy Meeting were taken u read. 

The following were admitted to the Society;—Mr Thomas Nicol, Mr C. W. Parsons, and 
Dr T. R. Bolam. 

The following Communications were submitted:— 

I. The Eariy Stages in Develi^ent of Coma. By Norman H. W. Maclaren, Ph.D,, 
Professor T. H. Bryce, M.D , F R.S. Trans., vol. 57, pp. 647-664. 
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^ JtanU and the Cleat of Coal. By Emeritui Profeawr P. F. Kkndall, 

D.Sc., F.R.S., and Profeaiof Henky Bkiogs. D Sc , Ph.D Prae., vol 53, pp. 164-187, 

3. Notea on the Kidaton Collection of Foaail Plant Slides —No II. The Anatomy of the Axia 
of JSotkfyJtMdroM mundum WiUiamaon ap By Mary G. Caluer, B Sc. Communicated by 
Dr S. WiLUAiiB, M.Sc. TVaar. vol S7, Pp. 665-^3. 


The following Papers were read by title.— 

4. Matricea and Continued FracUona By Professor II. W Turnbuli,, M A, F.R.S 
Pree., vol. M.pp. 151-163 and pp 208-aio. 

5. Stedlea m Genetic Psychology.—I. Correlations between Collateral Relatives with respect 
to Intellectual Resemblance. By J. I-. Gray, M A , and Pkari. Moshinsky, B Sc. Com* 
mumcated by Professor Lancelot Hogbrn, M A , D Sc Pree, vol 53, pp 188-207. 


EIGHTH ORDINARY MEETING 


Matiday.Jmu 5, 1933 

Dr A. Logan Turner, LL D , Vtcc-PrcMdent, in the Chair 


The Minutes of the last Ordinary Meeting were taken as read 
The following Communications were submitted — 


I. On the Feeding Mechanism of certain Marine Ostracods By Professor II. GRAHAM 
Cannon, M A., Sc.D Trans., vol. 57, pp 739-764 

2 Studies In the Scottish Marine Fauna -A Ihe Quantitative Distnbution of the Echino- 
derms in the North Sea. B. The Validity of Petersen s Community Hypothesis m the North 
Sea. By A. C Stephen, B.Sc Trans., vol 57, pp 777-787. 

3. Tne Sequence of Floras in the Ujiper Carbomferous, with spoiial reference to South Wales. 
By Emily Dix, D Sc , F G S CommunWted by John Prinole, D.Sc , F G S Trans , vol 57, 
pp. 7«9-838 

The undemoted Papers were read by title - 


A. Studies on the Reproductive System m the Guinea-Pig.—1 Variations m the CEstrous 
Cycle in the Virgin Animal, after Parturition, and dunng Pregnancy By Thomas Nicol, M B., 
Cn.B., F.R.C.S E, Pros , vol. 53, pp. 220-338 

t. The Mathematical Representation of the Energy Levels of the Secondary Spectrum of 
Mydro^. By Ian Sanokman, Ph D Prae, vol 53, pp. 347-352. 

6. On the Theoiy of Statistical Regression. By hf S Barti fir, B A , B Sc. Communi¬ 
cated by J. WiSHART, M.A., D Sc. Prac , vol 43, pp. 260-283. 


NINTH AND LAST ORDINARY MEETING. 

Monday, JmIv 3, 1933 

Principal Sir Thomas Holland, K.C S I, K C I.E., LL D., K R.S , 
Vice-President, in the Chair. 

The Minutes of the last Ordinaiy Meeting were taken aa read. 

Mi Wm. Maxwell waa admined a Fellow of the Society. 

The following were elected Honorary Fellows, Professor Sir T. 11. Bearr and Professor 
T, J. Jehu acting as Scrutineers:— 

Fo^gn Honorary Fellows: John Jacob Abel, Professor of Pharmacology, Johns Hopkins 
Univenlty, Baltimore; Filippo Bottaezi, Professor of Experimental Physialogy, Royal In¬ 
stitute of ^ysloIoOT, Naples, Edwin Grant Conklin, Profeasor ot Biology, :^ceton Uni- 
vofsity; NiKOLAj KONSTANTiNOVic KOLTZOFF, formeiiy Professor of Zodiogy, State University, 
Moacow; Albrecht Penck, Geheimrat Profeasor (Ementus) of Geography, Friedrich-WUhelmt* 
Uidvenitit, Bnlin; Pieter Zeeman, Profeasor of Physics, Umveiwy, Amsterdam. 

British Honorary Fellows: Sir George Macdonald, K.C.B., LL.D., Edinburgh; Sir 
William Napier Shaw, Kt , LL.D., F.R.S., London. 
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The GUNNING VICTORIA JUBILEE PRIZE for the period of I9a8-t93» *•» prewnted 
to Emeritu ProfeHor Sir JAMES WALKER, F.R.S. The Vice-President raul the Mowing 
statement— 


bir Jahsi Walkss bu bent om of our FcUom for iorty-two yean, and dorinf that tiaia bt has 
—nlributrd largrly to our pubUoatioM and aarvcd the Society for many yean oo the Council and aa a 
Vlce-PReldnit Altbounh we can rely with aafety on the number of honoun whlcb have been oouftned 

- . rr--V-H Mtlafrins to know that drain* hh Doiod of 

a leadln* apoatle and worker, eapecially In the 


\y to our pubUi 

- Altbounh we ce 

_ him by workart in hb own a,___ _ 

PeUowriiip Sir jAHae WALun haa eaUbUabed hlmaelf ai 

rcclon of phyiiul chemiitry—a aublect which waa little________, --- 

To every student of the hbtory of physical cheaUiW two namn most frequently reenr—the late 
WiLtULH OSTWALD of Lcipab and Jahus WALKxa of Edinburgh Tbrir caotrllaitians to reiaareh may 
well be ranked togetber, but & Jauss WAiKita tunda out eayadally as an enonent of the iwrw ideas. 

Certainiy the fost name that apriiias to the mind of any Kngfish-speaklng identitt when physicat 
chemislry is mentioned la that of ^ jAHsa WArKaa, and throunhout the forty-odd yean that have 
elapsed idnre the subject began its struggle for rrcognitmn he haa pbyed a leading part in iu triumpfaant 
development OfqKuitlon to the nesrideae, ahnost universal at the sUrt, rap^ changed to earn 
acceptance, so that in rSga Ostwald, returning to Leiptig after attending a meriing of the BrlUsb 
AitocUthm, could write thus —" 1 left Edinbniih with the certainty that it was not necessary to Uke 
auy more special measures for the further advancement of our cause In Great Britain jAuaa WAUcaa, 
a bom teacher, waa training a boat of convinced lonists." 

The ionic theory hu nutured considerably since 189a, but among the crowd et eonvinced ieobta 
that continue to apeead the WAcaan gaapel the Edinburg School haa always remained pcomlnanL 
Although he retired ofh^lly from the chair of Chemislry In 1918, Sir Jamus Walksb maintained until 
quite recently the active duection of retearch within hn old department, and freedom from taocblng 
duties has rendered the last few yeaci lait the least fruitful of his loug career He has indeed erected for 
himself a monument that wUl be admired for many decades 

I should like to add a laferanca to Sir jAuas WAtaia'a work during the war, which showed him 
in a new light ai an odmlnlatrator under novel and dIArult rondlllona May I mention a phase of bis 
sTrsalik character too tittle known among icicnahe men hb appndativc love of mnalc and the Boo 

Our Ibt of Gurming Victoria Jubilee pritemen Includet- Katvia and Tait, Jahis Diwab, Chbvstal, 
Ar».- f -^ j WHiTTAaaa This btest addition maintains a atandard which the Society 


The MAKDOUGALL-BRISBANE PRIZE for the period 1930-1933 was presented ti 
Dr A, C. AITKEN The Vice-President read the following statement — 


In the last ten years Dr AiraiM has published o> __, 

si|ierabl|^viiKes in branclmof matlimuitlcal sciencf, m 


al papeis, which have riheted co 


lieliy to ..—__ 

. id ine sohitlon of algebnie and lii_ 

--- Jt field of work doubtlaa came firmn hb own eatraordinaev powen in mental arith- 

for the benefit of thcae of us who are not idrted in Ihit way, be has deviMrd methods by wbicb 
'“'le piublema wltb which the practicel mathematician b confirmted can be rednoed to repetitloaa 
as peculiarly suited to en arltbinometer, namely, a crqia-multipUcaUoo followed by a dlviifon. 


As a by-piuduct of hit intereat in interpobtion, finite diHeraKet and operational metbodS|^be db- 
covered in 19S9 a remarkable and powerful general tbeoivm whlcb Mmprehends in ooe formub Taylac'a 
Tbeccero and the other eapenaioo theosema of the DItaantbl Calcuhia, all “aingIt-Nna" dUtaienoa 
InterpbbUon formuba, and a multitude of other p^biliu^ 

A peper which he publbhed in our PnoHiina in 1916, on Bukoulli’s method of solving algebraic 
equations and cxtmsioaa of It, led him by way of symmetric functions to the srider field of oMbra In 
1917 he ducovned a dual theorem on determinanlal symmetric functiona wbicb cootalned tbeoremi of 
Jacobi and MacMahon as special casea, and Joined the dctermiDuilal theory of aymmeliic funotloos to 
the comUnalory theory Regarding algebraic equaticoa foMn another point of view, namely, aa the 
cbaractcibtic equatious of matrices, be made nuny tirl|#al Cfintribotloae to the ganatal theory of matriesa, 
particularly in regard to matrices with multiple latent toob lincb of thb work baa appeared In the 
tKiok on “Cnnonleal Matrk-aa " whlcb be pubfoM In coUabcntlon with Prohaaor TvaunuLi. bat year, 
—id which is recognbed by mathematlcbna aa opening a new era in the hbtory of the subject 
' . mention must be made of hb reaearrhea or —---■ »-»— 




_—at be made of hb reaeanwa on mat^matical ataUstlct and frequency functloua. 

In 19M, wocldM with Dr Orntanuii, he showed Hut thou^ the frequency fanrtlon of Type A in 
Hermlte pidynonrieb has terms of iiregubr order of magnitude, the Ingari thm of iha fonction, to expanded, 
has terms reguhrly detcrndlnq. In iqji ha proved the analogous result for Type B and lb lopuithm^ 


ly detcrndlne. In toil ha proved tm analogous__ 

ate polynamlBb In Ms roost recnitly publbhedjuper he 
ATiAAiuus u, uaU by bast aqnares with Tchebychef polyoaniab, finding net 
si new and rapid metboda baaed thereon 

The admiration with which nuthenutldana leganl the formal beauty at 
r Aitkxk’s work In algebra b reinforced by the gratitude they feel for the ir 
liich be hei pfiMgd at the dbpooal of the computer. 


loa^thm, 
the fttUng of 
polynomlab 


The following Communications were submitted— 

I. The AlmoTmal Atomic Wei^t of Caldum contained in Two very old FotMiium-rich 
Depoaitfi at Rhiconich, Sutheriandihlre, and Fortaoy, BanfEduie. By Wm. W. SMITH, Ph.D., and 
Thomas Tait, Ph D. Communicated Professor J. P. Kendall, F.R.S. 

3. Gedogy of the Outer Hebrides. Part V —North Hanu and Lewis. By Professor T. J 
Jehu, M.D., F.G S., and R. M. Craio, M.A., D.Sc., F.G.S. Trans,, vol. 57, pp. 839-874. 

The undeinoted Papers were read by title;— 

v^The Effect of Consanguineous Parentage upon Metrical Charactera of the Ofbpring. By 
Proftiaor Lancelot Hooben, M.A., D.Sc. /Vpr.,vid. 53, pp. 339-351. 
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A. The I 
Frofettor J. 


The Faecal Pellete of asiaiua. By Hilary B, Moore, Ph,D CommunicRted by 
■or J, Grahah Kbm, F.R.S. J‘n>c, vol 53, pp. aM-354. 

$, The Structure of the Foot in certain Mosaea and m Anthoctros lam$. 'Stj Nellie M. 
BlaixliV, M Sc Communicated by Profcaaor J. R. Matthews, M A., F.L.S. Trmu , 
▼ol. 57. PP- 699-709. 

6. A Contribution to the Expenmental Morpholo^ of Lycopodtum SeU^ 
reference to the Derelopment of Adventitious Shoots. By S Williams, M Sc , 
vol. 57. PP- 711-737- 

7. Studies on the Gametogencsu of Stenophylax stellatus. Curt. (Tnehoptera)- Oogenesis. 
By R. A. R. Grbsson, Ph.D. Communicate by Professor j H Ashworth, F R.S. Pret., 

Coefiiaents of Bromine-Argon, Brumine-Mi thane, Bromine-Hydrogen 
Chloride, Bromine-Nitrous 0»de By John E Mackenzih. D Sc., and Harry W. Melville, 
Ph D Prot., vol. S3, pp. 355-359 
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PROCEEDINGS OF THE STATUTORY GENERAL 
MEETING 

Ending the zsoth Session, 1932-1933. 

At the Statutory General Meeting of the Royal Society of Edinburgh, held in the Soaety’a 
Rooms, 24 George Street, on Monday, October 23,1933, at 4.30 P M. 

Emeritus Professor Sir E A. Sharpey-Schafer, F.R S., Preadent, in the Chair, 
the Minutes of the Statutory Meeting held on October 24,1932, were read, approved, and signed. 

The Genehal Secebtakv submitted the following Report-— 

GENERAL SECRETARY’S REPORT, OCTOBER 23, 1933. 

On January 9, 19^3, by request of the Council, an “Experimental Demonstration of the 
Measurement of the fnmision Coefficients of Bromine-Hydrogen and Bromine-Carbon Dioxide” 
was mven by Drs T E Mackenzie and H W. Melville, and an address (with demonstration) 
was ddiver^ by Professor J. G. Gray, D Sc, <m “Self-erecting Gyrostats ” On May i, 1933, 
b terms of the award of the JAMES SCOTT PRIZE, and by request of the Council, Professor 
Dr Arnold Sohmbrfrlo, For Mem. R.S, gave an address on “Ways to the Knowledge of 
Nature.” 

41 papers were read, as compared with 40 in the previous session The papers were divided 
amongsubjectsasfollows'—Mathematics, 5: physics, 3: chemistry, 2; geology and mineralogy, 
5; palaeontology and polsMbotany, 5, botany,s: soolo^,9; human genetics, 4; ammal genetics, 
3; physiology, 3, and anatomy, i. 14 papers have b^ published, or are bring published in 
the TrantaehoHt, and 20 b the fineudingt. 6 papers were read but have not yet b<»n submitted 
in final form, and i has been withdrawn Several papers have lieen declined as unsuitable for 
pubheation by the Soaety 

The Society has lost by death 24 Fellows and 3 Honorary Fellows; 3 Fellows have resigned, 
and I has bera removed from the Roll of Fellows 36 Fellows and 6 Foreign and a Bntish 
Honoraiy Fellows have been elected. Or William Hope Fowl BX,lt is rcgrcttM, has died since 
his election 

Invitations were received, and the Society was represented as follows on the occasions 
mentioned — 

I Deutsche Gesellschaft far Natur- u. VOlkerkundc Ostasiens in Tokyo both Anniversary, 

March 32, 1933 Professor A. Tanakadatr presented address. 

2. Warsaw, Society of Sciences and Literature Celebration, November 23, 1932. Letter 

sent. 

3. Entomological Soae^ of London looth Anmversary in Ixindon, May 3 and 4, 1933. 

Sir T. Hudson Bears and Dr R. Stewart MacDouoall presented an oddreu. 

4. International Geological Congress at Washington, July 23 to 79, 1933. Professor W. T. 

Gordon, D Sc , and Sir John Flett, F R.S. 

It has been decided that the Sut award of the DAVID ANDERSON-BERRY PRIZE for 
the best recent work on the natin «f X-Rays in their therapeutical effect on human diseases 
should be made in the suniffer of 1:^35. 

The GUNNING VICTORIA JUBILEE PRIZE for the period I93»-I93* was awarded to 
Sir James Walker, F.R.S. 

The MAXOOUGALL-BRISBANE PRIZE for the period 1930-1932 was awarded to 
Dr A. C. AmexN and the JAMES SCOTT PRIZE to Professor Dr Arnold Sommbrpeld, 
For, Mem. R.S. 

The BRUCE-PRELLER LECTURE will be deUvered by Professor C. H. Landex, C.B.E., 
on the “ Liquefaction of Cool." 

The British Expedition in connection with the Polar Year 1933, in the organisation of which 
the Sodetv oocupiM an exceptional position, has been conducted with conspicuous success at 
Fort Rae in Canada. 

Professor T. J. Mackie will represent the Royal Society of Edinburgh and the University of 
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Edinburgh, jointly, for a further term of three yeark, aa from February 1933, on the India Office 
Committee tor the recruitment of medical research workers 

In view of the present adverse exchanm and the high cost of German Periodicals, the Council 
decided to discontmue, in the meantime, the following journals.—Neuea Jahrbuch fur Mineralowe 
u. PaUontologie (ail sections); Centralblatt fur Mmeralogie, Geologic u. Paloontologie (A and B); 
Z^tschrift f. Kri^lograpUe, Mmeralogie u. Petrograpfaie (A only); and Zentralblatt h Bakteto- 
logie, Parasitenkunde u Infektionskrankheiten (all sections) All these journals are accessible 
elsewhere in Edinburgh. 

During the session additional steel shelving has been added in tlie Front Reading Room 
(Street Floor), the Gallety has been slightly extended, and a hghter steel stair erected. Painting 
and some other alterahons have also bm earned out on the North Wall of the Ixicture Room, to 
the improvement of its appearance 

A number of new puDlications were added to the Library by exchange and purchase dunng 

The Assistant Idbranan, Mr R J B Munro, has been placed under the Federated Super¬ 
annuation System for Umversities 

The ack^wledgment of the Society u due to the Carnegie Trust for the Universities of 
Scotland for grants to authors towards the cost of the illustrations of papers published m the 
TVmsrar/foar and/Voceci/rsif/, amounting to 154, l8s ild , to the lAnivcraity College, Dundee, 
for jCi, lot 4d towards the cost of the illiistration of Mr W. F IlARPsa’s paper in the Proettd- 
Mgs; to Dr A G Hutchison for £1$ towards the cost of the illustration ^ hin paper in the 
TrmiuaeltoMs , and to the Roval Society of Ixindon for a sum of £2^0 from the Government 
Pubheabon Grant m aid of the cost ot publishing the Soiietj’s 1 rantaettems and Protttdtngs 
dunng the session 1932-1933 


Tkkasurbr's Rkpoit;— 


The Trka&urbr stated that, as was the case last year, there was no outstanding feature with 
regard to finance. The Accounts of last year showed a surplus of ,^20, 14s i)d , while this 
year they showed a defiaency of {,*^2, 9s ^ 

The Prbsident nominated ns Scrutineers, Su Harold Stilfs and Dr Ai bxamdi r Lauder. 

The Ballot for the Election of Offico-Bearera and Council was then token 

Dr J. £. Mackenzie moved the adoption of the Reports and the reappointment of Messrs 
Lindsay, Jamibson & Haldank, C A., as auditors for the msumg session These motions 
wete approved. 

The Scrutineers reportoil that the Ballot Papers were in order, and the PRESIDENT declared 
that the following Office-Bearers and Council had been duly elect^ — 


Emeritus Professor Sir E. A Sharpev-SchaH'R, M.D , D Sc., LL.D , F R S , President 
L B. Clark, M A., LL.D , T.P 
Professor Tanks Ritchie, M.A., D Sc 

Prindpai Sir Thomas H. Holland, K C S I, K (M.E , D.L , D Sc., 

LL.D , F.R.S. )■ Vice-Presidents. 

The Hon. Lord Sands, Kt, LL D , D.D 
Professor C. G. Darwin, M.A , F.R S. 

Professor R. A Sampson, M A , D Sc., LL D., F.R S 
Professor L H. Ashworth, D.Sc , F.R S , General Secretary. 

PJ^S^ A a! D S?.,®F.R S } Secretaries to Ordinary Meetings 

Tames Watt, W.S , LL.D., Treasurer 

ftefessor D’Arcy W. Thompson, C.B , D.Litt, LL.D , F.R S., Curator of Libraiy ami 
Museum. 


ORDINARY MEMBERS OF COUNCIL. 


Professor P. T. Hkrrimo, M.D., F.R.C.P.E. 
Professor Thomas M. Macrobkrt, MA., 
D.Sc. 

PiofeswHr Godfrey H. Thomson, D.Sc, 
PIlD. 

Malcolm Wilson, D.S., A R C.S. 

Profenor E. B. Bailey, M.C., M.A., F.R.S. 
Professor T. C. Brash, M.C., M.A., M.D. 
Professor A. J. Clark, M.C., B.A., M.D., 
F.R.S. 


Professor A. G. OoiLVis, M.A., B.Sc. 
Professor E. M. Wkddekburn, M.A., D.Sc, 
LL.B., W.S. 

Ll-CoI. a. G. M'Kbndrick, M.B., D.Sc., 
F.R.C P.E. 

Emeritus Professor Jambs MacKinnon, M.A , 
Ph.D., LL.D 

Professor William Pkddib, D.Sc. 
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The Pkbsidbnt thanked the Scnitineen for didr lervicei. 

The Pubhc were then admitted. 

The PaESiDKNT, in the course of his remarks, referred to the losses of the Soaetv bjr the deaths 
of Ordinary and Honorary Fellows, details of which may be found in the Obituiury Notices, 
already pubhshed in the Frocetdintt. 

In introduang Professor C. H. LAlfDBa, C.B.E., the Prbsidbnt said;— 

It is common knowledge that the production of oil from coal, by hydrogenation, is one of the 
most important industrial problems m this country at the present moment. The theory of the 
hquefaction of coal u well understood—the difficulty is so to adapt the process that it can be 
worked on a large scale and at a profit. Thu problem has been intmsiirely studied by the 
Fuel Research Board of the Uepartment of Scientific and Industrial Research during the past 
decade, and the promise of conversion of theory into practice recently announced has been 
render^ possible largely by the labours of this Board, of which Professor Lamdbr was director 
from 1933 to 1931. HU improvements in the construction of the stills used in low-temperature 
carbomsation may be particularly mentioned. Professor Landbr has served with distinction 
on many other government committees coimcctcd with the coal industry, and smee 1931 has 
held the chair or Mechanical Engineering at the Imperial College. 

Professor C. H. Landbr, C.B.E , at the reouest of the Council and in terms of the Brucb- 
Preller Lecture Fund, then dchvered an address, with Lantern Illustratioos, on “ The Lique¬ 
faction of Coal." 

The President cordially thanked Professor Lander for his address. 
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THE KEITH, MAKDOUGALL-BRISBANE, NEILL, GUN¬ 
NING VICTORIA JUBILEE, JAMES SCOTT, BRUCE, 
AND DAVID ANDERSON-BERRY PRIZES, AND THE 
BRUCE-PRELLER LECTURE FUND. 

The above Prizes will be awarded by the Council in the following manner:— 

I. KEITH PRIZE. 

The Keith Prize, consisting of a Gold Medal and from ;^4o to ;£5o in 
Money, will be awarded in the Session 1935-1936 for the “best communication 
on a sdentihc subject, communicated,* in the first instance, to the Royal Society 
of Edinburgh during the Sessiotw 1933-1934 and 1934 -1935.’’ Preference will 
be given to a Paper containing a discovery. (See also Council’s resolutions at 
the end of these regulations ) 

II. MAKDOUGALL-BRISBANE PRIZE. 

{Am€itd€djMnt 7, 1026 ) 

This Prize is to be awarded biennially by the Council of the Royal Society 
of Edinburgh to such person, for such purposes, for such objects, and in such 
manner as shall appear to them the most conducive to the promotion of the 
interests of science; with the proviso that the Council shall not be compelled to 
award the Prize unless there shall be some individual engaged in scientific pursuit, 
or some Paper written on a scientific subject, or some discovery in science made 
during the biennial period, of sufficient meat or importance in the opinion of the 
Council to be entitl^ to the Prize. 

1. The Prize, consisting of a Gold Medal and a sum of Money, will be awarded 
before the close of the Session i934'i935. for Essay, Paper, or other wofk 
having reference to any branch of scientific inquiry, either material or mental 

2. It is open to all men of science. 

3. The specific subjects taken into consideration in the current award arc 
governed by the resolutions of the Council as stated at the end of these regulations. 

4. For the current period the Committee is representative of Group B. 

5. The Committee will consider Papers presented to the Society within the 
Sessions 1933-1933 and 1933-1934, and wiU make a recommendation. 

It is empowered to recommend cither.— 

(a) An award to the Author of an Essay or Paper considered as above, or 
(i) That no award be made on the ground that, within its group, no Paper 
of sufficient merit has been presented, or 

* For the purpose* of this sward the word "communicated” shall be understood to mean the 
date on whidt the manuscript of a Pafwr is received in its final form for printing, at recorded by 
the General Secretary or other responsible officUl. 
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{() That the Prize be awarded to some distinguished man of learning, who 
may not have presented a Paper to the Society within the period 
considered, but who is vailing to deliver an address. 

III. NEILL PRIZE. 

The Council of the Royal Society of Edinburgh having deceived the bequest of 
the late Dr Patrick Neill of the sum of ;^5oo, for the purpose of "the interest 
thereof being applied in furnishing a Medal or other reward every second or 
third year to any distinguished Scottish Naturalist, according as su^ Medal or 
reward shall be voted by the Council of the said Society,” hereby intimate:— 

I. The Neill Prize, consisting of a Gold Medal and a sum of Money, will 
be awarded during the Session 1935-1936. 

3. The Prize will be given for a Paper of distinguished merit, on a subject 
of Natural History, by a Scottish Naturalist, which shall have been present^ * 
to the Society during the two years preceding the fourth Monday in October 
1935,—or failing presentation of a Paper suffiaently meritorious, it will be awarded 
for a work or publication by some distinguished Scottish Naturalist, on some 
branch of Natural History, bearing date within five years of the time of award. 
(See also Council’s resolutions at the end of these regulations.) 

IV. GUNNING VICTORIA JUBILEE PRIZE 

This Prize, founded m the year 1887 by Dr R. H. Gunning, is to be awarded 
quadrennially by the Council of the Royd Society of Edinburgh, in recognition 
of original work in Physics, Chemistry, or Pure or Apphed Mathematics. 

Evidence of such work may be afforded either by a Paper presented * to the 
Society, or by a Paper on one of the above subjects, or some discovery in them 
elsewhere communicated or made, which the Council may consider to be deserving 
of the Prize. 

The Prize consists of a sum of money, and is open to men of science resident 
in or connected with Scotland. The first award was made in the year 1887. 
The next award will be made in Session 1936-1937 

In accordance with the wish of the Donor, the Council of the Society may on 
fit occasions award the Prize for work of a definite kind to be undertaken during 
the three succeeding years by a scientific man of recognised ability. 

V. JAMES SCOTT PRIZE. 

This Prize, founded in the year 1918 by the Trustees of the James Scott 
Bequest, is to be awarded triennially, or at such intervals as the Council of the 
Royal Society of Edinburgh may decide, “for a lecture or essay on the funda¬ 
mental concepts of Natural Philosophy." 

* For the puipoees pf this award the word “preaented” shall be understood to mean the date 
on which the manuscript of a Paper is tecehred In ita final form for panting, aa recorded by the 
General Secretary or other reapo^ble ofildal. 
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VI. BRUCE PRIZE. 

The Society is trustee of a fund, instituted in 1933, to commemorate the 
work of Dr W, S. Bruce as an explorer and sdenti^ investigator in polar 
regions. 

The Committee of Award is appointed jointly by the Royal Society of Edin¬ 
burgh, the Royal Physical Society, and the Royal Srottish Gmgraphical Society. 

The Prize consists of a Bronze Medal and sum of Money. It is open to 
workers of all nationalities, with a preference, ceteris partbus, for those of Scottish 
birth or origin, and is to be awarded biennially for some notable contribution 
to Natural Sciences, such as Zoology, Botany, Geology, Meteorology, Oceano¬ 
graphy, and Geography; the contribution to be in the nature of new knowledge, 
the outcome of a personal visit to polar regions on the part of the recipient. The 
recipient shall preferably be at the outset of his career as an investigator. 

The next award will be made in 1934. Papers for the consideration of the 
Committee should be in the hands of the General Secretary of the Royal Society, 
33 George Street, Edinburgh, not later than March 31 of that year. 

VII. BRUCE-PRELLER LECTURE FUND. 

The Coimcil of the Royal Society of Edinburgh having received in 1939 the 
bequest of the late Dr Charles Du Riche Prellbr of the sum of £soo, 
decided that the income thereof be applied by the Council biennially as an hono¬ 
rarium for a special Brucb-Prellbr Lecture or Address by an outstanding man 
of science, its subject to be Geology or Electrical or Physical Science, or in the 
discretion of the Council some other branch of science. The next award will be 
made in Session 1934 - 1935 - 

VIII. DAVID ANDERSON-BERRY FUND. 

The Council of the Royal Society of Edinburgh having received in the year 
1930, free of duty, the capital sum of one thousand pounds (j£iooo), to be used in 
terms of the will of the late Dr David Anderson-Berry, dated a3rd April 1930, 
decided that the income thereof be applied triennially, “ in the first place in the 
presentation of a gold medal, and in Ae second place in the payment of a sum of 
money to the winner for the year of such gold medal, the winner being the person 
who, in the opinion of the Society, shall be the producer for the year of the best 
essay on the nature of X-rays and their therapeutical effect on human diseases.” 

'fhe first award will be made in July 1935. 

RESOLUTIONS OF COUNCIL IN REGARD TO THE MODE 
OF AWARDING PRIZES. 

(See AftMutet of Meeting ofjtmueuy 18,1915.) 

I. With regard to the Keith and Makdougall-Brisbane Prizes, which are open 
to all Sciences, the mode of award will be as follows:— * 

a6 


p.asa—VOL. uii, i93a-33> ‘V. 
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I. Papers or essays to be considered shall be arranged in two groups, A and 

B,—Group A to include Astronomy, Chemistry, Mathematics, Metal¬ 
lurgy, Meteorology, and Physics; Group B to include Anatomy, Anthro¬ 
pology, Botany, Geology, Pathology, Physiology, and Zoology, 
a. These two prizes shall be awarded to each group in alternate biennial 
periods, provided Papers worthy of recommendation have been communi¬ 
cated to the Society. 

3. Prior to the adjudication the Council shall appoint, in the first instance, a 

Committee composed of representatives of the group of Sciences which 
did not receive the award in the immediately preceding period. The 
Committee shall consider the Papers which come within their group of 
Sciences, and report in due course to the Council. 

4. In the event of the aforesaid Committee reporting that within their group 

of subjects there is, in their opinion, no Paper worthy of being recom¬ 
mended for the award, the Council, on accepting this report, shall 
appoint a Committee representative of the alternate group to consider 
Papers coming within their group and to report accordingly. 

5. Papers to be considered by the ^mmittees shall fall within the period 

^ting from the last award m groups A and B respectively. 

II. With regard to the Neill Prize, the term “Naturalist" shall be understood 
to include any student in the Sciences composing group B, namely, Anatomy, 
Anthropology, Botany, Geology, Pathology, Physiology, Zoology. 
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AWARDS OF THE KEITH, MAKDOUGALL-BRISBANE, 
NEILL, GUNNING. JAMES SCOTT, BRUCE, AND 
DAVID ANDERSON-BERRY PRIZES, AND THE 
BRUCE-PRELLER LECTURE FUND. 

I. KEITH PRIZE. 

I ST Biennial Pbkiod, 182^29 —Dr Brkwstek, for hi« papcn “ on hii Ducovery of Two New 
ImmUable Fluids in the Cavities of certain Minerals, published in the Transactions of 
the .Society. 

2ND Biennial Period, 1829-31.—Or Brewster, for his paper “on a New Analysis of Solar 
Light,” published in the Transactions of the Society 

3RD Biennial Period, 1831-33 —Thomas Graham, Esq , for his paper “on the I.aw of the 
Diffusion of Gases,” published in the Transactions of the Society 

4TH Biennial Period, 1833-35.—Professor J.D Forbes, for his paper “on the Refraction and 
Polarisation of Heat,” published in the Trsinsactioni of the Society. 

3TH Biennial Period, 1835-37.—John Scott Russei i , Esq , for his researches “on Hydro¬ 
dynamics,” published in the Transacbons of the Sooety 

6th Biennial Period, i837-3<)'— Mr John Shaw, for his experiments "on the Development 
and Growth of the Salmon,” published in the Transactions of the Society. 

7TH Biennial Period, 1839-41 —Not awarded 

8th Biennial Period, 1841-43.—Professor Tames David Forbes, for his papers “on 
Glaciers,” published in the Proceedings of the Society 

9TH Biennial Period, 1843-45.—Not awarded. 

lOTii Biennial Period, 1845-47 —(Jeneral Sir Thomas Brisbane, Bart, for the Makerstoun 
Observabons on Magnebc Phenomena, made at his expense, and published in the Trans- 
acbons of the Society. 

iiTH Biennial Period, 1847-49.—Not awarded 

I2TH Biennial Period, 1849-51.— Professor Kei IwSND, for his papers "on (General Differenbs- 
tion, including his more recent Communication on a process of the Differential Calculus, and 
Its application to the solution of certain Differenbal Equations," published in the Transac¬ 
tions of the Society. 

13TH Biennial Period, 1851-53 —W. J Macquorn Rankine, Esq., for his senes of papers 
“on the Mechanical Action of Heat,” published in the Transacbons of the Society. 

14TH Biennial Period, 1853-55 —D«’ Thomas Anderson, for hu papers “on the Crystalline 
Constituents of Opium, and on the Products of the Destrucbve Disbllataon of Ammal 
Substances,” published in the Transacbons of the Society. 

ISTH Biennial Period, 1855-57.—Professor Boole, for his Memoir “on the Appluation of 
the Theory of ProbaUhbes to Quesbons of the Combination of Tesbmonies and Judg¬ 
ments,” published in the Transactions of the Society. 

i6th Biennial Period, 1857-59.—Not awarded 

17TM Biennial Period, 1859-61 —John Allan Broun, Esq., F.R S , Director of the Trevan- 
drum ObMrvatory, for hu papers “on the Honsontal Force of the Earth’s Magnetism, on 
the Correebon of the Biiifar Magnetometer, and on Terrestrial Magnetism generally,” 
published in the Transactions of the Society. 

i8th Biennial Period, 1861-63 —Professor William Thomson, of the University of Glasgow, 
for his Commimication “on some Kinemabcsl and Dynamical Theorems.” 

19TH Biennial Period, 1863-65.—Principal Forbes, St Andrews, for his “Experimental 
Inquiry into the Laws of Conduction of Heat in Iron Bars," published in the Transactions 
of the Sodety. 

20TH Biennial Period, 1865-67.— Professor C Piazii Smvth, for his paper “on Recent 
Measures at the Great Pyramid,” published in the Transactions of the Society. 
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31 IT Biennial Psbiod, 1867-te.—Profeuor P. G. Tait, for hit paper “on the Rotation of a 

' Rigid Body about a Fixed Point,” puUiahed in the TianaacUoM of the Society. 

SEND Biennial Period, 1869-71.—Profeiaor Clerk Maxwell, for hia paper “on Figures, 
Frames, and Diagrams of Forces,” published in the Transactions of me Society. 

ajRD Biennial Period, 1871-73 —Prof^r P. G. Tait, for his paper enbded “First Approxi¬ 
mation to a Tbermo-electnc Diagram,” published m the Transactions of the Sodciy, 

34TH Biennial Period, 1873-75.—Professor Crum Brown, for his Researches “on the Seiue of 
Rotation, and on the Anatomical Relations of the Semicircular Canals of the Internal Ear.” 

35TH Biennial Period, 1875-77.—Professor M. Forster Heddlb, for his ]Mpers “on the 
Rhombdiedral Carbonates,” and “on the Felspart of Scotland,” published in the Transac¬ 
tions of the Society. 

26TH Biennial Period, 1877-79.—Professor H. C Fleeming Jenkin, for his paper “on the 
Apphcabon of Graphic Methods to the Detemunation of the Efficiency of Machineiy,” 
published in the Transactions of the Society: Part II having appeared in the volume for 

1877-78. 

37TU Biennial Period. 1879-S1.—Professor Gboror Chrystal, for his paper “on the Differ¬ 
ential Tdephone,’’ published in the Transactions of the Society. 

28th Biennial Period, 1881-83.— Thomas Muir, Esq, LL.D., for his "Researches into the 
Theory of Determinants Continued Fractions,” published m the Proceedings of the 
Society. 

aqTH Biennial Period, 1883^5.— Tomn Aitken, Esq , for his paper “on the Formation of 
Small Clear Spaces in Dusty Air,” and for previous papers on Atmospheric Phenomena, 
published in the Transactions of the Society 

3aTH Biennial Period, 1885-87.— John Youno Buchanan, Esq , for a senes of communica¬ 
tions, extending over several years, on subjects connected with Ocean Circulation, 
Compressibihty of Glass, etc,, two of which, vis, “On Ice and Brines,” and "On the 
Distnbution of Temperature m the Antarctic Ocean,” have been published in the Proceed¬ 
ings of the Society. 

3IST Biennial Period, 1887-89.— Professor E. A Letts, for bis papers on the Organic 
Compounds of Phosphorus, puUished in the Transactions of the Soaety. 

32ND Biennial Period, 1889-91 —R. T. Ohono, Esq , for his contributions to Meteorological 
Saence, many of which are contained in vol. xxxiv of the Soaety’s Transactions. 

33RD Biennial Period, 1891-93.—Professor Thomas R. Fraser, F.R,S., for his papers on 
StrophuHtkut Strophanthm, and Strophanthidin, read to the Society in February 

and June 1889 and in December 1891, and pnnted in vols. xxxv, xxxvi, and xxxvii of the 
Society’s Transactons 

3ATH Biennial Period, 18^3-95 —Dr Cargill G Knott, for his papers on the Strains pro¬ 
duced by Magnctum m Iron and in Nickel, which have appear^ m the Transactions and 
Proceedings of the Soaety. 

35TH Biennial Period, 1895-97.— Dr Thomas Muir, for his continued communications on 
Determinants and Alh^ Questions. 

3&TH Biennial Period, 1897-99 —Dr James Buroess, for his paper “on the Definite Integral 
.^rwith extended Tables of Values,” printed in vol xxxix of the Transactions 
of the Society. 

37TH Biennial Period, 1899-1901.—Dr Hugh Marshall, for his discovery of the Per- 
sulphates, and for his Communications on the Properties and Reacbons of these Salts, 
puUished in the Proceedings of the Sode^. 

38TII Biennial Period, 1901-03.—Sir William Turner, K.C.B , LL.D., F R.S., etc., for his 
memoirs enhtled “ A Contribubon to the Cramolomr of the People of Scotland,” published 
in the Transactions of the Soaew, and for his “C^ntnbutions to the Craniology of the 
People of the Empire of India,” Parts I, II, likewise published in the Transactions of the 
Society. 

39TH Biennial Period, 1M3-05.— Thomas H. Bryce, M.A., M.D., for his two papers on 
"The Histolo^ of tne Blood of the Larva of Lt^dattrtn paradox*" publiahed in the 
Transactions of the Society wnthin the period. 

4DTH Biennial Period, 1905-07.— Alexander Bruce, M.A , M.D., F.R.C.P.E., for his 
paper enhtled “ Ehstribution of the Cells in the Intermedio-Lateral Tract of the Spinal 
Cord,” publiahed m the Transactions of the Society withm the period. 
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418T Biennial Period, 1907-09.— Wheelton Hind, M.D , B.S., F.R.C.S., F.G S., for • 

K per pubUthed in the Transactiont of the Sodetv, “ On the l^meUibianch and Gatteiopod 
,una found in the Millatone Grit of Scotland.'* 

43ND Biennial Period, 1909-11.—Profeuor Alexander Smith, B Sc., Ph.D., of New York, 
for hia reaearchea upon “Sulphur** and upon “Vapour Preaaure,** appearing in Ae Pro¬ 
ceeding! of the Soaety. 

43XD Biennul Period, 1911-13.— James Russeil, Esq, for hia senes of investigations 
relating to magnetic phenomena in metals and the molecular theory of magnetism, the 
results of which have been published m the Proceedings and Transactions of the Society, 
the last paper having been issued within the period. 

44TH Biennial Period, 1913-13.— James Hartley Ashworth, D.Sc., for hU papers on 
“Larvte of Lmgula andl Pelagodiscua,*’ and on “Sclerocheilus,** published in the Trans¬ 
actions of the Society, and for other papers on the Morphology and Histology of Polychseta. 
4STH Biennial Period, 1915-17.— Robert C Mossman, Esq , for hu work on the Meteorology 
of the Antarctic Regions, which originated with the important senes of observations made 
him during the voyage of the “ Scotia” (190^1904), uid includes his paper “ On a ^-Saw 
of Barometnc PreMure, TemMrature, and Wind Velocity between the Weddell Sea and the 
Ross Sea,** published in the Proceedings of the Society. 

46TH Biennial Period, 1917-19.— John Stephenson, Lt -Col, I M.S , for his series of papers 
on the Oligochseta and other Annelida, several of which have been published in the Trans¬ 
actions of the Society. 

47TH Biennial Period, 1919-31 —Ralph Allen Sampson, F.R S , for his Astronomical 
Researches, induding the papers “Studies in Clocks and Time-keepiiigi No. 1, Ibeory of 
the Maintenance of Motion; No 2, Tables of the Circular Equation,** published in the 
Proceedings of the Society within the period of the award. 

48TH Biennial Period, 1921-23 —John Walter Grroory, P'.R S , for his papers published 
in the Transacbons of the Society, and in recogmtion of his numerous confoibutions to 
Geology, extendmg over a period of thirty-six years. 

49TH Biennial Period, 1923-2^.—Herbert Westren Turnbull, M.A., for the papers on 
“ Hyper-Algebra," “ Invariant Theory,** and “Algebraic Geometry,’* three of which have 
been published in the Proceedings within the penod of award 
50TH Biennial Period, 1925-27 —Thomas John Jehu, M.A , M D., F.G.S., and Robert 
Meldrum Craio, M a., B Sc., F G S , for the iomt scries of papers which have recently 
appeared in the Transactioiu of the Society on the “Geology of Oic Outer Hebrides ” 
SisT Biennial Period, 1927-29 —Cueistina C. Miller, B Sc., Ph D , for her papers on the 
" Slow Oxidation of Phosphorus Tnoxide,” published m the Pioceedinn within the period 
of the award, and in consideration of sub^uent developments on ''Slow Oxidation of 
Phosphorus,” published elsewhere. 

5aND Biennial Period, 1929-31.— Alan William Greenwood, M Sc , Ph.D , for his papers 
on the “ Biology of the Fowl,” several of which have appeared in the Proceedings within 
the period of award. 

II. MAKDOUGALL-BRISBANE PRIZE. 

1ST Biennial Period, 1859.—Sir Roderick Impky Murchison, on account of his Contribu 
tions to the Geology of Scotiand 

2ND Biennial Period, 1860-62 — William Sfilpr, M D., F.R C P.E., for his "Memoir of 
the Life <md Writings of Dr Robert Wbytt,” published in the Transactions of the Society. 
3RD Birnnial Period, 1862-64 — ^John Denis Macdonald, Esq , R N., F R S , Surgeon of 
H.M.S. “ Icarus,” for his p^r " on the Representative Relabonslups of the Fixed and Free 
Tumcata, regarded as Two Sub-classes of equivalent value; with some General Remarks on 
their Morphology,” published in the Transactions of the Society. 

4TH Biennial Period, 1864-66.— Not awarded 

5TH Biennial Period, 1866-68.—Dr Alexander Crum Brown and Dr Thomas Richard 
Fraser, for their conjoint paper “on the Connerbon between Chemical Consbtudon and 
Physiological Acbon,” publUhed in the Transactions of the Society. 

6tii Biennial Period, 1868-70.—Not awarded. 

7TH Biennial Peeiod, 1870-72.—Geobge James Allman, M.D.,F.R.S., Emeritus Profeasor 
of Natural History, for his paper “on the Homological Relations of the Ccelenterata,” 
pubUshed in the Transacbons, which forms a leading chiqiter of his Monograph of Gymno- 
blastic or Tubulanan Hydroids—since publisbed. 
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8tr Biknnial Pbiiod, i^a>74.—ProfcMOr Lism, for hi* paper “on the Germ Theory of 
Putrefaction and the Fennendre Change*," communicated to the Society, yth April 1873. 

9TH Bibnnial Period, 1874-76.— Alexander Buchan, A.M , for hi* paper “on the Diurnal 
Oicillation of the Barometer,” publUhed in the Tranaaction* of the Sraety, 

lOTH Biennial Period, 1876-78.—Profmaor Archibald Geikie, for hi* paper “on the Old 
Red Sandatone of Weatem Europe,” publiahed in the Tranaaction* of the Society. 

iiTH Biennial Period, 1878-80.—Profe**or Piazei Smyth, Aatronomer-Royal for Scotland, 
for hi* paper “on the Solar Spectrum in 1877-78, with aome Practical Idea of it* probable 
Temperature of Origination,” publiihed m the Tranaaction* of the Society. 

I2TH Biennial Period, 1880-82—Profeaaor James Geikie, for his “Contributions to the 
Geology of the North-We*t of Europe,” mcluding hu paper “on the Geology of the Faroe*,” 
publuihri in the Tranaaction* of the Society. 

13TH Biennial Period, 1882-84.— Edward Sano, E*(^ , LL D., for hi* paper “on the Need of 
Decimal Subdiviaion* in Aatronomy and Navigation, and on Table* requiaite therefor,” 
and generally for hi* Recalculation* of Logarithm* both of Number* and Trigonometric^ 
Ratio*—the former communication being pubhahed in the Proceedings of the Society. 

14TH Biennial Period, 1884-86 —John Murray, Em., LL.D , for hi* p^i* “On the Drain¬ 
age Area* of Continent* and Oexan Deposits.” “The Rainfall of the Globe, and Discharge 
of Rivers,” “The Height of the Land and Depth of the Ocean,” and “The Distnbution of 
Temperature in the Scottish Lochs a* afTected by the Wind " 

ISTH Biennial Period, 1886-88 — ^Archibald Geikie, Esq., LL.D , for numerous Communi¬ 
cation*, especiailv that entitled “History of Volcanic Action dunng the Tertiary Period in 
the Britith Isles,” published in the Tranaaction* of the Society. 

i6tu Biennial Period, 1888-90.—Dr Ludwio Becker, for hi* paper on “The Solar Spectrum 
at Medium and Low Altitude*,” printed in vol. xxx^, Part I, of the Society’s Transaction*. 

17TH Biennial Period, 1890-92 —Huoii Robert Mill, Esq, D.Sc, for hi* paper* on "The 
Physical Conditions of the Clyde Sea Area,” Part I being already published in vol. Kxxvi 
of the Society’s Transactions 

i8th Biennial Period, 1892-94 -Professor Jambs Walker, D Sc, Ph.D., for hi* work on 
Physical Chemistry, part of which ha* been published in the Proceeding* of the Society, 
vol. XX, pp. 255-261 In making this award, the Council took into consideration the work 
done by Ptofeasor Walker along with Professor Crum Brown on the Electrolytic Synthesis 
of DibMc Acids, published in the Transaction* of the Society. 

19TH Biennial Period, 1894-96.—Professor JohnG. M’Kendrick, for numerous Physiological 
papers, especially in connection with Sound, many of which have appeared in the Society'* 
publications 

aoTH Biennial Period, 1896-98.-0* William Prddie, for hi* paper* on the Torsional 
Rigidity of Wire*. 

siST Biennial Period, 1898-1900.-0* Ramsay H. Traquair, for hi* paper entitled “R^rt 
on Fossil Fishes collected by the Geological Sutv^ in the Upper Silurian Rocks of Scot¬ 
land,” printed in vol. xxxix of the Transactions of the Socie^. 

asND Biennial Period, 1900-02—Dr Arthur T Masterman, for his paper entitled “The 
Early Development of CrtbrelU oatlata (Forbes), with remark* on Echinnderm Develop¬ 
ment,” printm in vol, xl of the Transaction* of the Society. 

23RD Biennial Period, 1902-04 —John Dougall, M A., for hi* paper on “An Analytical 
Theory of the Equilibnum of an Isotropic Elastic Plate,” published in vol. xli of the 
Transaction* of the Society. 

24TH Biennial Period, 1904-06.— Jacob E Halm, Ph.D., for his two papers entitled “Spectro¬ 
scopic Olxervationi of the Rotation of the Sun,” and “ Some Further Result* obtained with 
the Spectroheliometer,” and for other astronomical and mathematical papers published in 
the Transactions and Proceedings of the Society within the period. 

S5TH Biennial Period, 1906-08.—D T. Gwynne-Vauouan, M A., F.L.S., for his papers, 
lit, “On the Fossti Osmundacem," and and, “On the Origin of the Adaxiaily-curvcd I«af- 
trace in the Filicalcs,” communicated him conjointly ^th Dr R. Kidston. 

26th Biennial Period, 1908-10 —Ernest Maclaoan Wedderburn, M.A., LL.B., for his 
series of papers bearing upon “The TemMiature Distnbution in Fresh-water Lochs,” and 
especially upon “The Temperature Seiche.” 

27TH Biennial Period, 1910-12.—John Brownlee, M.A., M.D., D.Sc.. for his contributions 
to the Theory of Mendelian Distributions and cognate subjects, pubuihed in the Proceed- 
", Jug* of the Society within and pnor to the presenbed period. 
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aSTR Bibkkial Pratoo, I9i3>i4-—Profeuor C. R. Maxshall, M.A., M.D., for hk stodt** 
"On tbe Pharnukctdogical Action of Tetnk'alkyl'timnonium Compound.” 

39TH Biknnial Period, 1914-16.—Robert Alexander Hoostoun, Pb D., D.Sc., for hia 
seriec of paper* on "Tbe Abtorption of Light by Inorganic Salte," publiibed in the Rro- 
ceeding* of the Sonety. 

30TH Biennial Period, 1916-18 —Professor A. Anstruther Lawson, for his Memoir* on 
“The ProthalU of Tmetipttru Tannentu and of Pstlotum" published in the Transactions 
of the Society, together arith previous papers on Cytology and on The Gametoplqrtes of 
various Gytnnotperms 

31ST Biennial Period, loiS-so —Professor J. H Maclaoan Weddeeburn of Princeton 
Unhrerrity, for his Memoirs in Umversal Algebra, etc., published in the Transactions and 
Proceedings of the Society, and elsewhere. 

33N0 Biennial Period, 1920-22.—Professor W. T. Gordon, M.A , D Sc., for hi* paper on 
"Cambrian Organic Remains from a Dredging in the Weddell Sea," publish^ in the 
Transactions of the Society within the period, and for hi* investtgations on the Fossil Flora 
of the Pettycur Limestone, previously published in the Transactions 

33RO Biennial Period, 1923-24 —Professor H, Stanley Allen, D Sc , for hi* papers on the 
"Quantum and Atomic Theory," published in the Society’* Proceedings within the period 

34TU Biennial Period, 1924-26.— Gharlrs Mobley Wenvon, C.M G., C B.E , F.R S., for 
hia distinguished work in Protoioology extending over a penod of twenty-one year*. 

3STH Biennial Period, 1936-28 —W. O. Kermack, M.A., D.Sc, for his contribution* to 
Chemistry, published in the .Society’s Proceedings and elsewhere. 

36TH Biennial Period, 1938-30.— Nellie B Rales, D Sc., for her papers in the Society’s 
Transactions on “The Anatomy of a Fcetal Afncan Elephant.’ 

37TH Biennial Period, 1930-32.—^A. C. Aitken, M A., D.Sc., for various contributions to 
Mathematics, puUish^ in the Society’s Proceedings and el^here 

III, THE NEILL PRIZE. 

1ST Triennial Period, 1856^9—Dr W. Lauder Lindsay, for his paper "on the Sper- 
mogones and Pycnides of FiUmentous, Fruticulose, and FoUaceous Lumens," pubUahed in 
the Transactioiu of the Soaety 

3ND Triennial Period, 1859-62.— Robert Kaye Grevillb, LL D., for his contribution* to 
Scottish Natural History, more especially in the department of Cryptogamic Botany, 
including his recent papers on Diatomaceie. 

3RD Triennial Period, 1862-65.— Andrew Crombie Ramsay, F.R.S., Professor of Geology 
in the Government School of Mines, and Local Director of die Gerdc^cal Survey of Great 
Britain, for his various works and memi^rs published during the last five yean, in which he 
has applied the large expenence acquired by him in the Direction of the arduous work of 
the G^orical Survey of Great Britain to the eluddabon of important questions bearing on 
Geologiciu Science. 

4111 Triennial Period, 1865-68.—Dr William Carmichael MThtosh, for his paj^ "on 
the Structure of the BridM Nemertcans, and on some New British Annelids,” published in 
the Tiansactions of the Society. 

5TII Tbiennial Pbeiod, 1868-71.—Professor William Turner, for hi* papen “on the Great 
Finner Whale; and on the Gravid Uterus, and the Arrangement of the Fcetal Membranes 
in the Cetacea," published in the Transactions of the Society. 

6th Triennial Period, 1871-74.— Charles William Peach, Esq., for his Contributions to 
Scottish Zoology and Geology, and for his recent contributions to Fossil Botany. 

7TH Triennial Period, 1874-77.-01 Ramsay H. Traquair, for hi* paper “on the Structure 
and AfiBnities of Tnttukopttrtu alahu (Eseiton),” pubbsbed m the Transactiona of the 
Society, and also for hi* contributions to me Knowledge of the Structure of Recent and 
Fossil Fishes. 

Sth Triennial Period, 1877-80—John Murray, Esq., for his paper “on the Structure 
and Origin of Coral Reris and Islands," published (in abetract) in the Proceedings of 
the Society. 

9TH 'Triennial Peeiod, 1880-83.— Professor W. A. Herdman, for his paper* “on the Tuni¬ 
cate," publiihed in the ProMedings and Transactions of the Society. 

ioth Triennial Period, 1883-86.—B. N. Peach, Em., for his Contributions to the Gedogy 
Rttd Palwontdogy of Scotland, publUied in the Transactions of the Society. 

IITH ’nuENNiAL PERIOD, 1886-89.— ROBERT Kidston, Esq., for hi* Researches In Fossil 
Botsmy, published in the Transactions of the Society, 
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lam Tuinnial Puiod, 1880^2.— John Hoknx, Em,, F.G S., for his Investigations into the 
Geological Structure and Petrology of the North-West Highlands. 

13TH Triennial Period, 1892-95.—Robert Irvine, Eso., for his wpers on the Action of 
Organisms in the S^retion of Carbonate of Lime and Silica, and on the sohidim of these 
substances in Organic Juices. These are printed in the Society’s Transactions and 
Proceedings. 

14TH Triennial Period, 1895-98.— Professor J. Comar Ewart, for his recent Investigations 
connected with Telegony. 

15TH Triennial Period, 1898-1901—Dr John S.Flett, for his papers entitled “The Old Red 
Sandstone of the Orkneys” and “The Trap Dykes of the Orkneys,” printed in vol xxxia of 
the Transactions of the Society 

i6th Triennial Period, 1901-04.—Professor T Graham Kerr, M.A., for his ReMarches on 
L$pidonr«n peradoxa, published in the Philosophical Transactions of the Royal Society, 
London. 

17TH Triennial Period, 1904-07.— Frank J. Cole, B Sc , for his paper entitled “A Mono- 
graph on the General Morphology of the Myxinoid Fishes, based on a Study of Myxine,” 
puUished in the Transactions of the Society, regard being also paid to Mr Cole's other 
vsluable contributions to the Anatomy and Morphology of Fishes. 

I8T Biennial Period, 1907-09 -Francis J. Lewis, M.Sc , F L S., for his papers in the 
Society’s Transactions “On the Plant Remains of the Scottish Peat Mosses ” 

aND Biennial Period, 1909-11.— James Murray, Esq , for his paper on “Scottish Rotifers 
collected by the Lake Survey (Supplement),” and other papers on the “Rohfem” and 
“ Tardigrada,” which appeared in the Transactions of the Society - (this Pnse was awarded 
after consideration of the papers received within the five years prior to the time of award, 
see NeiU Prise Regulatioiu). 

3RD Biennial Period, 1911-13 —W S. Bruce, LL D , m recognition of the saentific results 
of his Arctic and Antarctic explorations. 

4TH Biennul Period, 1913-15 —Robert Campbell, D Sc, for hit paper on “The Upper 
Cambrian Rocks at Craigeven Bay, Stonehaven,” and “ Downtoman and Old Red Sand¬ 
stone Rocks of Kincardineshire,” published in the Transactions of the Soaety. 

5TH Biennial Pbriod, 1915-17.—W. H. Lano, F.R S , M.B , D.Sc , for his paper m con¬ 
junction with Dr R KidSTON, F.R.S , on Rkynw Gwynn*- Vaugkant, Kidston and I.«ng, 
puMiahed in the Transactions of the Society, and for nis previous investigations on Pten- 
dophytes and Cycads. 

6th Biennial Period, 1917-19 —John Tait, D.Sc., M D., for his work on Crustacea, 
published m the Proc^ings of the Society, and for his papers on the blood of Crustacea. 

7TH Biennial Period, 1919-21.—Sir Edward A. Sharpey-Schafer, F.R S., for his recent 
contributions to our knowledge of Physiology, and in recogmtion of his published work 
extending over a period of fifty years. 

8th Biennial Period, 1921-23— John M’Lean Thompson, M.A., D.Sc., University of 
Liver^l, for his senes of Memoirs on Stammal Zygomorphy, end on the Anatomy of the 

9TH Biennial Period, 1923-25.— Frederick Orpen Bower, F.R.S., for his recent con¬ 
tributions to Botanical knowledge and in recognition of his published work extending over 
a period of forty-five years. 

lOTH Biennial Period, 1925-27.— Arthur Robinson, M.D., M.R.C.S., for his contributions 
to Comparative Anatomy and Embryology. 

iith Biennial Period, 1927-29 —Edward Battersby Bailey, M.C., F.R.S., in recogni- 
bon of his valuable contnbutions to the Geology of Scotland, two of which have recently 
appeared m the Transactions of the Society. 

12TH Biennial Period, 1929-31.— Charles Henry O’Donoohue, D.Sc., for his papers on the 
“ Blood Vascular System,” and for his earlier work on the “ Moridiology of the corpus 
lutcum.” 


IV. GUNNING VICTORIA JUBILEE PRIZE. 

ivr Trirnnml Period, 1884-8?.—Sir Wiluam Thomson, Pres. R.S.E., F.R.S., for a 
remarkable series papers “on Hydrokinetics,” especially on Waves and Vortices which 
have been communicatM to the Society. 
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aHD TtiumiAL PniOD, 1887-90.—Profeuor P. G. Tait, S«. R.S.E., for hii work in con¬ 
nection with the “ Chnllenger" Expedition, and hie other Reiearchei in Phydcal Science, 

3EO Tkibmnial PXKIOD, 1890-93.—ALEXANDER BucHAN, Eki , LL,D., for hU varied, 
extennve, and extremely important Contributions to Meteorology, many of which have 
appeared in the Society*! publications. 

4TH Triennial Period, 1893-96— John Aitxen, Esq., for his briUiant Investigations in 
Physics, especially in connection with the Formation and Condensation of Aqueous Vapour. 

1ST Quadrennial Period, 1896-1900.— Dr T. D Anderson, for his discoveries of New and 
Variable Stars. 

2ND Quadrennial Period, 1900-04 —Sir James Dewar, LL D , D.C.L, F.R S, etc., for his 
researches on the liqu^actioa of Gases, extending over the last quartet of a century, uid 
on the Chemical and Ph^cal Properties of Substances at Low Temperatures: his earliest 
papers being published in the Transactions and Proceedings of the Society. 

3RD Quadrennial Period, 1904-08.—Professor Gborgb Chrystal, MA,, LL.D, for a 
series of papers on " Seiches,” including " The Hydrodynamical Theory and Experimental 
Investigations of the Seiche Phenomena of Certain Scottish Lakes.” 

4TH Quadrennial Period, 190S-12.—Professor J. Norman Collie, Ph.D., F.R.S , for his 
distinguished contributions to Chemistry, Organic and Inorgamc, during twenty-seven 
years, including his work upon Neon and other rare gases. Professor Collie's early papers 
were contributM to the Transactions of the Soaety. 

STH Quadrennial Period, 1912-16.—Sir Thomas Muir, C M.G., LLD, F.R.S., for his 
series of Memoirs upon “The Theory and History of Determinants and AUied Forms,” 
published in the Transactions and Proceedings of the Society between the years 1872 and 
1915 

6tu Quadrennial Period, 1916-20.—C T. R. Wilson, Esq., F.R S , in recognition of bis 
important discoveries in rdation to Condensation Nuclei, lomsabon of Gases and Atmo¬ 
spheric Electricity. 

7TH Quadrennial Period, 1920-24.—Sir J. J. Thomson, O.M., F R.S , m recognition of his 
great discoveries in Physical Science 

8th Quadrennial Period, 1924-28 —Professor E T. Whittaker, F R.S, in recognition of 
his distinguished contributions to Mathematical Science, and of his promotion of Mathe¬ 
matical Research in Scotland. 

9TH Quadrennial Period, 1928-32.—Ementus Professor Sir J. Walker, F.R.S., for 
numerous contributions to Physical and General Chemistry. 


V. JAMES SCOTT PRIZE. 

1ST Award, 1918-22.—Professor A N. Whitehead, F.R.S., for his lecture dehvered on 
June 5, 1922, on “The Relatedness of Nature.” 

2ND Award, 1922-27.— Sir Joseph Larmor, M A., D Sc., LL.D., F.R S., for his lecture 
deliver^ on July 4, 1927, on “The Grasp of Mmd on Nature.” 

3RD Award, 1927-30. —Professor Niels Bohe, for his lecture delivered on May 26, 1930, on 
“ Philosophical Aspects of Atomic Theory.” 

4TH Award, 1930-33. —^Professor Dr Arnoij) Sommbrpeld, for his lecture delivered on May i, 
*933> on “ Wa)rs to the Knowledge of Nature.” 


VI. BRUCE PRIZE. 

1ST Award, 1926.—James Mann Wordib, M.A., for his Oceanographical and Geological work 
in both Polar Regions. 

2ND Award, 1928.—H. U. Sverdrup, for his contnbutions'to the knowledge of the Meteorolosor, 
Magnetism, and Tides of the Arctic, as an outcome of his travds with the Norwegian 
Expedition in the "Maud” from 1918 to 1925. 

3ED Award, 1930.—N. A. Mackintosh, M.Sc., A.R,C.S., for his researches into the Biology of 
Whales in the Waters of the Falkland Islands Dependencies. 

4TH Award, 1932.—Henry Gino Watkins, for imporUnt contributions to the topompby 
jrf^ tsbCTgen, Labrador, and East Greenland, and investigation of the Ice Cap of Green- 
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VII. BRUCE-PRELLER LECTURE FUND. 

1ST Award, 193 i.— Profesior E. T. Whittakbr, F.R.S., forhu lecture, “James Clerk Mazwdl 
and Mechanical Descriptions of the Universe.” 

2ND Award, 1933 —Professor C. H. Lanobr, C.B.E., for his lecture on October 23, 1933, 
“The Liquefaction of Coal " 


VIII. DAVID ANDERSON-BERRY FUND. 



ABSTRACT 


OF 

THE ACCOUNTS 

OF 

THE ROYAL SOCIETY OF EDINBURGH, 

SESSION—I8T OCTOBM 1932 TO 30TH Septbmbbr 1933. 

JAMES WATT, LL.D., W.S., 


1. GENERAL FUND 

CHARGE. 

I, Arrckn of Contributioiu at 30th September 193a . 

Written off m irrecovenbte .... 


j£io3 19 0 
990 


8, Contributioni for present Sesrion:— 


1. 413 Fellows at ;£3,31 each.1300 19 0 

2. Fees of Admission and Contnbutions of thiity-foar new 

Fellows at £6, 6s. each.214 4 o 

3. Commutations.ill 6 o 


3. Extra Contnbutions for 1932-33 under Amended Law, No. 6’— 


1. Voluntary Contributioiu. £fi 9 o 

2. Commutations . . 10 10 o 


4. Interest received— 


a. Interest on /445, los. 3!% War Loan, 1932 roriKinnUy 
5%] (R M. Smith Le^), Untazed . 

A Interest on ZfSL t6s. 3 f% War Loan, 195a [originally 
.0/1 /c—j.i “•■>»cri^on Fi— ■' -' 


_t on £751 

5%] (Spe^ S 

t. Gounal— 

Interest on ;£783o 3^% V__ 

[originaUy s%], Untaxed . . . £332 15 

Interest on 42100 2}% Consolidated 

Stock, Untaxed.52 10 o 

Interest on Deposit Receipts . . 7 18 7 


d Subs^^on Fund), Untax^ 
'0 War Loan, 1952 


418 18 8 

3« 19 I 


393 4 I 


5. Transactions and Proceedings told 


494 10 o 


1626 9 o 


61 19 o 


?!1 


1 10 
17 9 


6. Grants—Aimual Grant from Government .... £600 o o 

Grant from Royal Society, Government Publication 

Grant.250 o o 

- . 850 o o 


Amraat of th* Charge . £ 3 ns 27 7 










Apptndix. 


. Taxh, Insuxancb, Coal and LioBTiNot— 

Iniuimnce .. 

Co«], etc, to 6th May 1933. 

Go* to lit Sept. 1933. 

Electric Light to 14th Apnl 1933. 

Water, l93a-33. 

Bootable Life Asiurance Co., Ltd., for Superannuation 

Sdieme. 

Sun Life Auurance Society, for Superannuation Scheme . 
Scottiih Widowi' Fund and Life Auurance Society, for 
Superannuation Scheme. 


General Secretary . 

Librarian and Auiitant Secretary 
Asditant Librarian . 

Office Keeper . . 

Treaiurer** Clerk*. 


3, ExpBNsaa or Transactions and Procbrdings'- 

«. TtANSACTIONS:— 

Noll & Co, Ltd , Printers .... 
Hislra & Day, Ltd., Engravers 
The Zinco-C^otype Co ... . 

Macfarlane & Erskine, Printers 


Lut Receipts;— 

Grants from Carnegie Trustees and others towards the 
Papers, etc., of M& Case, Dr Amy Fleming, and Messrs 
C. H. O'Donoghue and A. G. Hutchison 

h. PaOCBKDlNOS:— 

Neill ft Co., Ltd., Pnnters . . . 1(674 17 5 

Hislop ft Day, Ltd, Engravers , . 33 16 i 


. Revenue of Pubbeation Fund £8$ 1 
. Grants from Carnegie Trus¬ 
tees and others towards the 
Papers, etc., of Miss E. 

B<^, Sir E. A. Shaip^- 
Scha^ and Messrs E. L. 

Ince, Geo. Bond, W. F, 

Harper, and T. Nicol . 135 
















Abstreui oj Accounts. 


Brought forward 


4. Boon, Pkuodicau, Kiwipapbu, rrc.:- 

S tmM Thin, Bo<dcadlar . . . . 

. Gnmt ft Son, Bookiellen . 

Robeitaon ft Sc^, Newi Agent# 


PnlwontogMi^ol Society, 

Hiatoiy of Saence Soaety, , 

Edinburgh and Leith Poet-Office Directory, Ltd. 
Inititutm of CItU Engineen, for AbetracU 
Bombay Natural Hilton Sodetjr, iaxjawmal 
Scientific and Learned Sodetiei' Year Book 
Folk Lore Society, Sir J. G. Fraeer'a Bibliography 

5. OTHKa Paymbmts:— 

Neill ft Co., Ltd., Printer! . 

A. Cowan ft Sona, Ltd. 

S. Duncan ft Sona, Tailora (uniform) 

Macvittiea, Gueat ft Co., Ltd 
Andrew H. Baird. 

Lmdaay, Jaimeaon ft Haldane, C.A , Auditors 
The Window Cleaning Co., Ltd. 

Onock ft Son, Ltd , Bookbinders 
Federated Superannuation System for Universities 
G. Wateraton ft Sons, Ltd. . 

Telephone Accounts 
Roneo, Ltd.—Shelving, etc . . 

W. S. Brown ft Sona, Upholateren, etc. 

J. ft T Scott, Joiners and Painters 

T, Sinclair ft Son, Painters . 

Miacellaneous Accounts under j^s • 

Charwoman .... 

Petty Expeniea, Postages, Carnage, etc. 

Edward ft Co , Electricians . 

“ Polar Year" Expenses 


£"9 9 ' 
15 18 I 

9 9 
4a II 

6 13 

10 10 
14 19 


’III 


6. Arxraxs ok Contributions outstanding at 3otb September 

1933:— 

Present Session. 

Previous Sessions. 


Amount of the DlBcbarge 


Amount of tho Charn. 

Amount of tho Diacnargo ... 

Bzcaaa of Discharge transferred to Special Subscription Fund 


»9 >4 
j£33«« 7 


• j£s»55 *7 7 
3 3«» 7 4 
9 9 


SPECIAL SUBSCRIPTION FUND 
Tt jotA S*pttmi€r 1933. 

Charge. 

Total Subscriptions towards Fund.i laS 17 

Zsxr—Written off War Loan investment . 71a 

j^iiai s 

Zttt —^Transfers to General Fund to meet Deficits up to 30th 

September 193a.,£373 li 7 

A4d—V«&at for year to 30th September 1933. . 6a 9 9 

-4 j 6 I 


Amount or the Charge 


. 1^685 4 5 
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Dischakos. 

Balanci of Fund— 

>6^ 3l% W*r Load, 1953 (originally 5%).16 0 

Due Treasurer.10 15 o 

Due ly War Loan Suspense Account. O t? o 

£lf>\ 8 0 

Lttt —Due to Union Bank of Scotland, Ltd., on Current Account . . 78 3 7 

Amount of thr Ducharoe . £ 6Ss 4 5 

WAR LOAN SUSPENSE ACCOUNT. 

Tf 3ori Stpumi*r 1933. 

Charge. 

DuebyUnionBankofScotland,Ltd.,onCurrentAccountat30thSeptemberi933. £ilo 4 6 

Interest on Deposit Receipt (included in General Fund) . 

Amount OF THE Charoe /no 4 6 

Discharge. 

DuebyUnionBankofSootland,Ltd.,onI>epositReceiptBt30thSeptember 1933. /in i 6 

£tu —Due to General Fu^.o 17 o 

Amount OF THE Discharoe . . /no 4 6 

11. KEITH FUND 
Year to yttk Sopitmitr 1933. 

CHARGE. 

1. BAtANCS due by Union Bank of Scotland, Ltd., on Deposit Receipt at 30th 

September 193a. £53 » > 

a . Interest Received:— 

On ^£650 3|% War Loan, 1953 (originally 5%), Untazed. /a; la 6 

On Deposit Receipts. o 13 I 

- __a8_S_7 

£fii 7 8 

DISCHARGE. " 

Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt at 30th 
September 1933./8i 7 8 


IlL NEILL FUND 
Voar to 30/4 Soptomkor 1933. 

CHARGE. 

I. Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt at 30t]i 


September 193a..’.;£33 8 5 

a. Interest Received:- 

On/300 3!% War Loan, 1953 (originally s%). Untaxed. /la 15 o 
On DepoMt Receipts. 054 

- *304 

i£36 8 9 


DISCHARGE. 

Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt at 30th 
September 1933.:C36 8 9 
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Absiraet oj Accounts. 

IV. MAKOOUGALL-BRISBANB FUND 
ytar to yuk SefUmitr 1933. 

CHARGE. 

f. Balance due by Union Bank of Scotland, Ltd., on Depont Receipt at 3otb 

September 1932. £ 7i IS 9 

8. INTIKEST Received:— 

On /400 3J% War Loan, 1952 (originally 5%), Untaxcd 
On Depont Receipt*. 


o 13 9 


»7 13 9 


£ 9 » 

9 

6 

■ £20 

0 

0 

20 

0 

0 

£40 

0 

0 

5* 

9 

6 

£92 

9 

~6 


DISCHARGE 

I. Alex. Kirkwood & Son—Gold Medal 
Alex. Craig Aitken—1930-32 Award . 


V. MAKERSTOUN MAGNETIC METEOROLOGICAL OBSERVATION FUND 

year to yak September 1933. 

CHARGE. 

I. Balance due by Umon Bank of Scotland, Ltd., on Deposit Receipt at 30th 

September 1932.2 9 

a. INTEBBST Received:— 

On £*50 <J% War Loan, 1932 (onginally 5%), Untaxed. •* ^ 

On Deposit Receipts. o 19 5 


VI. GUNNING VICTORIA JUBILEE PRIZE FUND 
year to yak September 1933. 

CHARGE. 

I. Balance due by Uni<» Bonk of Scotland, Ltd., on Deposit Receipt at 30th 

September 193a.,£172 1 8 

3. Inteeest Received:— 

On £ S99 , >4*- 3i% War Loon, 1952 (originally 5%), 

Untaxed. £25 9 9 

On Deposit Receipts. i 10 9 


DISCHARGE. 

I. Sir Jane* Walkei^t92S-ta Award.1^105 o o 

8. Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt at 30th 

Septnnber 1933.94i8 


£199 I 8 
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Vll. JAMBS SCOTT PRIZE FUND 
Ytar t9 yUk Stpttmtfr 1933. 

CHARGE. 

I. Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt at 30th 

September 193a.jf30 13 4 

3. iNTsaEST Received:— 

On ,(347, loa 3^% War Loan, 195a (originally 5%), 

Untaxed . .;fio 10 4 

On Deposit Receipts . . . , 036 

- 10 13 10 

£41 7 * 

DISCHARGE. 

I. Prof. Arnold Sommerfeld—1930-33 Award.o o 

3. Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt at 30th 

September 1933. lit 

£41 7 t 


VIII. PUBLICATION FUND 

(CoHPRisiNO Peter Guthrie Tait Memorial Fund and Dr John Aitkbn Fund) 
Yiar t« iOtk StpUmbtr 1933. 


CHARGE. 

I. Peter Guthrie Tait Memorial Fund:— 

Year’s Interest on £1550 3i% War Loan, 195a (onginally 5%), Untaxed . 
3. Dr John Aitken Fund:— 

Year’s Interest on ;^44Sl 3i% War Loan, 1953 

(originally 5%), Untax^.18 8 

Interest on Deposit Receipts. o i $ 7 


discharge 

Transferred to General Fund to meet Cost of PublicaDoiu 
Discharge, No. 3^). 


IX. DR W. S. BRUCE MEMORIAL FUND 
y*ar t« yatk Stpttmhtr 1933. 


CHARGE. 

i. Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt at 30th 

September 193a.13 17 i 

3 . Interest Received:— 

On £M3 3i% Conversion Loan, 1961 . . . 4^ 3 o 

On DepMt Receipts. 033 

- 863 


DISCHARGE. 

Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt at 30th 
September 1933. 


£*t 3 3 
£tt 3 3 
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3C. BRUCB-PRBLLBR LBCTURE FUND 
Y*«r U 30th StpUmitr 1933. 

CHARGE. 

I. Balamcb due by Union Bnnk of Scotland, Ltd , on Deposit Receipt at 30th 

September 193a.;^43 3 O 

t. Dividend and Interest Recbivbdi;— 

On ;£i 40, 9t. Royal Bank of Scotland Stock, less Tax 

»9a.4^- ..;Ci7 a 

On Deposit RecetpU. 098 

- 18 7 10 

3. Repayment of Income Tax for year to December 193a . 4 >9 4 

£«> ir~a 

DISCHARGE ' 

Balance due by Union Bonk of Scotland, Ltd., on Deposit Receipt at 3otli 
September 1933. ^^66 10 a 

XI. DR DAVID AHDBRSON'BERRY FUND ——‘s-— 

Ytar to 30M S*pt*mber 1933 
CHARGE. 

I. Balance of Revenue due by Union Bank of Scotland, Ltd, on Deposit Receipt, 

at 30th September 193a.j^83 ii 10 

a. Interest Received;— 

On £t5»S, os. 4d Local Loans 3% Stock, itst Tax 

;fil,9i;<rf. £34 7 i 

On Deposit Reenpts. 078 

- 34 IS 4 

3. Income Tax repaid for year to sth April 1933 . . , . . . 1190 

;gia9 i6 a 

DISCHARGE. 

I. Royal Mint—^A mount of Account for Striking Die for Medal . . ;fiao o o 

a. Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt, at 30th 

September 1933. 9 >6 a 

£13 9 i5 a 

STATE OF THE FUNDS BELONGING TO THE ROYAL 
SOCIETY OF EDINBURGH 
At at 30ti Soptombtr 1933. 

X. GENERAL FUND— 

!■ ^£7830 3}% War Loan, 195a.1(7830 o o 

3. Zaico 31% Consolidated Stock at 53%.1113 o o 

3> i&44S> los. 3i% War Loan, 1933. Mr Robert Mackay Smith, Legacy. 44$ to o 

4. Aitmts of Cratnburions, as per preceding Abstract of Accounts . . 119 14 o 

5. Balance of Special Subscription Fund— 

/7SI. I6»- 3*% War Loon, 195* .... Z7S' *6 0 

Cash due by Treasurer.10 15 o 

Due by War Loan Suspense Account . . o 17 o 

1(763 8 o 

Zerr—Cosh due to Union Bank of Scotland, Ltd., on 
Current Account.78 3 7 

- 685 4 s 

6. War Loan Suspense Account- 

Due by Union Bank of Scotland, Ltd., on Deposit Receipt . . Iio 4 6 

Amount . ,^10,303 la n 

Exclusive of Library, Museum, Pictures, etc., and Furniture in the Society's Rouns 
at George Street, Edinburgh. 

PJIJ.E.—VOL. UII, 1933^33, PART IV. *7 
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3. NEILL FUND— 

*• ^300 3i% War Loan, 1953. 

a. Balance due Uy Union Bulk of Scotland, Ltd., on Dcpoait Receipt 
Amount 

4. MAKDOUGALL-BRISBANE FUND— 

I. £400 3J% War Loan, 1952. 

3. Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt 
Amount . 

5. MAKERSTOUN MAGNETIC METEOROLOGICAL OBSBl 

FUND— 

»■ ^*50 3i% War Loan, 1952. 

a. Balance due by Union Bank of Scotland, Ltd., on Depout Receipt 
Amount . 


6. GUNNING VICTORIA JUBILEE PRIZE FUND Instituted by Dr Gunning of 

Edinburgh and Rio de Janeiro— 

t. £599, «4»- 3*% War Loan, 1952. £599 14 o 

3. Baluico due by Union Bank of Scotland, Ltd., on Dcpout Receipt . 94 i 8 

Amount . £693 15 8 

7. JAMES SCOTT PRIZE FUND— 

I /347, loa. 33% War Loan, 1953. ;^347 10 O 

3. Balance due by Union Bank of Scotland, Ltd , on Deposit Receipt . 173 

Amount . . ;^348 17 3 

8. PUBLICATION FUND- ' 

(CoMFaisiNO Pbtrk GiTTHaiB Tait Mbmobial Fund and Dr John Aitxbn Fund) 

1. Pbtbr Guthrie Tait Mbmorial Fund;— 

;^ISSo3i% War Ixmn, 1953.;flS5o o o 

3 . Dr John Aitkbm Fund-— 

i:44S. ‘OS. 3l% Wu Loan, 195a .... ^445 ‘o o 
Deposit Receipt with Union Bank of Scotland, Ltd. . 71 6 l 

- 516 16 t 

Amount £a666~iS i 

9. DR W. S. BRUCE MEMORIAL FUND— ——• 

*• ^*33 3i% Convemon Loan, at 7*1% (cost pncc) . . £i6q 15 11 

2. Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt . 22 3 3 

Amount £191 19 3 

10. BRUCE-PRELLER LECTURE FUND- 

I. ^140, 9S. Royal Bank of Scotland, Stock taken over at 350% . . £491 11 6 

3. Mlance due by Union Bank of Scotland, Ltd , on Deposit Receipt . 66 10 3 

Amount . . ,^558 t 8 

XX. DR DAVID ANDERSON-BERRY FUND— ' 

I. 1538, os 4d. Local Loans 3% Stock at 65A% (cost price) . ;flooo o o 

3. Balance due by Union Bank of Scotland, Ltd., on Deposit Receipt . 9 i6 a 

Amount . . “/1009 16 a 


A'a/s I.—As previously, 3*% War Loan, 1953 (originally 5%), has been uniformly valued at 
par in the above State of Funds. 

7.—Under the Will of the late Prof. Chules Piaz2] Smyth and his wife, the Society will, on 
the expliy of certain liferents, become entitled to payment of the residue to be applied 
as set out in the will. 


Edinburgh, i6rd Ottohxr 1933,—^We have exanuned the preceding Accounts of the Treasurer 
of the R^l Society of Edinburgh for the Sesnon 1933-1933, aM have found them to be 
correct. The securities for the various Investments, as noM in the foregoing Statement of 
Funds, have been verified by us at 30th September 1933. 

LINDSAY, JAMIESON ft HALDANE. C.A., 

AtulUm. 










Voltmtary Contributors. 
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VOLUNTARY CONTRIBUTORS who have made a Single Payment 
under Law VI (end of para. 3), up to 30th September 1933. 

Professor Edwin Bramwell, .;£io 10 o 


VOLUNTARY CONTRIBUTORS under Law VI (end of para. \ 
to 30th September 1933. 


Co). A. F. Appeeton, , 

Sir JyotRS Barr, 

Sir T. Hudson Beare, 

F. A. Black, Esq , 

Professor F. O. Bower, F.R.S., . 
Judge F. E. Bradley (deceased), 
Pnna^ O. C Bradley, . 

J. W. Butters, Esq , 

Professor E. W. W Carlier, 
Col. David Carneoib, 

Professor E. G. Coker, F.R.S., 
Professor J. N. Collie, F.R.S., 
Dr E. Oswald Fergus, . 

Ur J. Haio Ferguson, 

Or K. A. Fl KMINO, 

J S. Ford, Esq , 

OSBPH S. GoODALL, Esq., 

Ur W. D. Henderson, 

Dr E. M. Horsburoh, 

Dr W. F. Huue, 

A. W. Kerr, Esq., . 

Professor J. Graham KkrR, F R. 
Archibald King, Esq. (1931-32, 


Carried forward, 

A. Veitch Lothian, Esq , 

James A. Macdonald, Esq., 

Dr George MacGow \n {193*- 

Su^.*L.^ii?AcKEN2iE, ’. 

Dr Devrndranath Mallik, 

Dr Hugh R. Mili , 

Dr Alexander Morgan (1931- 
3»), 

R. C. Mossman, Esq , 

Sir Thomas Muir, F R S., 

J. T. Pearce, Esq (1931-32, 
. I9,3*r33). „ • 

A G Ramacb, Esq , 

Professor R A Robertson, 
Edward Smart, Esq , 

Dr H F. Stockdale, 

Gilbert Thomson, Esq (1931- 
3*). 

G Sutherland Thomson, Esq. 
R. T Thomson, Esq , 

Dr A Logan Turner, 

Sir James Wai kkr, F.R.S , 

J, C;. Wright, Esq , . 


;flO lO 

5* 9 
Cti 19 









THE COUNCIL OF THE SOCIETY. 


ayrf October 1933. 


Presideht. 

Emeritus Professor Sir E. A. SHARPEY-SCHAFER, M.D., D.Sc., LL.D., F.R.S. 

Vice-Presidents 
J. B. CLARK, M.A , LL.D., J P 
Professor JAMES RITCHIE, M.A., D Sc 

Principal Sir THOMAS H. HOLLAND. K.CS 1., K.CIE., DL, Hon. D.Sc, 
LL.D., F.R.S. 

The Hon. Lord SANDS, Kt., LL.D, D D 
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* Boon, Alfred Archibald, DSc,BA FIC,F mentus Professor of Chemistry, 

Henot Watt College, Edinburgh 
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Butters, John W., M.A , B , formerly Rector of Ardrossan Academy. 116 
Comiston Drive, Edinburgh 10 

Cadeil, Henry Moubray, of Grange, D L , B.Sc, M Inst M E , LL D. (Edin), 
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earlier, Edmund W W; B. is Sr., M Sc, M D , F R E.S , Emeritus Professor 
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* Carroll, John Anthony, M.A., Ph.D. (Cantab.), Professor of Natural Philosophy, 

Uruversity of Aberdeen. Marischal College, Aberdeen 
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Literature, University of Edinburgh 7 Hamson Road, Edinburgh 11 
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1909 Clayton, Thomas Momson, M D , D Hy B Sc, D P H Medual Officer of 

Health, Greinesfield House, Gateshead on Tjni 
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E^neenng Laboratones, Umversity College Gower Street londoo 

1904 Coles, Alfred Charles, M D, D Sc, York House Poolt Road, Bourne 
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1909 C Comne Peter, MA, BSc, LLD, formerly Reitor Icith Academy 19 
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1914 * Courts, William Barron, M A , B Sr, Semor 1 erturer m Rs^e Fiiiduv and 
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1911 * Cowan Alexander, Papermaker Valleyfield Pemruik, Midlothiiui 
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1908 Craig, James Ireland, M A , BA, Woolwieh House The Dnve, Sydenham 
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1925 C K * Craig, Robert Meldrum, M A D Sc F G S , Leeturer in Economic Cseology, 
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>933 * Craig Bennett, Arthur Lancelot, M A Ph D (Cantao), Lectnrw m Zoology, 
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1903 Orasrfbrd, Lawrence, M A , D Sc, Professor of Pure Mathemabes, University, 
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Ammal Genebes, Umversity of Edinburgh (West Mams Road) 10 Sabs- \ , 
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Crichton, John, M.A., B.Se. (Edin.), Auiitont SuMilntendent, Meteorological 
Office, Edinburgh, to Laverockbank Road, Edinburgh s 
Crichton-Biowne, Sir Jai., Kt, M.D., LL.D, D.Sc., F.R.S , Vice-Preiidentand 
Treaeurer of the Royal Inatatutlon of Great Britain. 45 Ham Place, 
London, S W. t 

' Cruickihank, Emeit William Henderson, M.D., D.Sc, Ph.D., Professor of 
Physioloinr, Dalhousie University, Halifax, Nova Scotia 
' Cummmg, Alexander Charles, O.B E., D.Sc., Roselands, Crescent Road, 
Blundell Sands, Liverpool 

‘ Cummmg, William Murdoch, D.Sc. (Glas.), F.I.C , M.Inst.Chem.E., 
“Young” Professor of Technical Chemistry, Royal Technical College, 
Glasgow “ Bonnieblink,” 4 Newlands Road, Newlands, Glasgow, C. I 
’ Cunningtom, Brysson, D.Sc., B.E., M.Inst C E., Lecturer in Waterways, Har¬ 
bours, and Docks, University College, I-ondon. 141 Copers Coi» Road, 
Beckenham, Kent 

' Cunningham, John, C I.E , B A., M.D , Lt.-ColoneI, IMS. (retired). South 
Bank, Grange Loan, Edinburgh 10 

Daniell, Alfred, M A , LL B, D Sc, Advocate, The Athenaeum Club, 
London 

’ Darwin, Charles Gallon, M A , F R.S (Vice-President). Toit Professor of I 
Natural Philosophy, University of Edinburgh (Drummond Street).'! 

4 Churchhill, Edinburgh 10 I 

‘ Davidson, Leybournc Stanley Patrick, B.A (Cantab ),M D (Edin ),F.R C.P E., 
Regius Professor of Medicine, University of Aberdeen 55 Queen's Road, 
Aberdeen 

‘ Davies, Lewis Merson, F G S., F.R A.I., Lt.-Colonel, Royal Artillery (retired) 

8 Garscube Terrace, Murrayfietd, Edinburgh la 
’ Dawson, Shepherd, M A , D Sr , Principal Lc^urer in Psychology, Training 
College, Glasgow. Hazel Bank, Bearsden, Dumbartonshire 
Dawson, Warren Kityal, F R S L, Honorary Libranan of Lloyd’s, 28 Grange 
Road, Barnes, Ixindon, S W. r^ 

* Day, T. Cuthbert, F C S., 36 Hillside Crescent, Edinburgh 7 

' Deane, Arthur, M.R I A , Curator, Public Art Gallery and Museum, Belfast. 

Threave, Siuntfield Road, Newtownbreda, Belfast 
t Denny, Sir Archibald, Bart., LL D., 5 St Helen’s Place, London, E.C. 4 
Dey, Alexander John, Mana^g Director of T. & H Smith, Ltd , Manufactur¬ 
ing Chemists, Edmburgb Rothiemey, Corstorphinc, Edmburgh u 

* Dinham, C H , B A , H M Geological Survey Edgemoor, 19 Higfafield 

Road, Northwood, Middlesex 

Dixon, James Main, M.A , Ijtt. Hum Doctor, Professor of Eoglish, University 
of Southern California. Uraversity Avenue, Los Angeles, California, 
U.S.A. 

* Dixon, Ronald Audley Martincau, of Theame, F.G S , F.S A .Scot, F.R.G.S., 

Theame Hall, near Beverley 

Dobbie, James Bell, F.Z S , 12 South Inverleitfa Avenue, Edinburgh 4 
Dobbin, I-conard, Ph D , formerly Reader in Chemistry, Umversity of Edin- I 
burgh Faladam, Blackahicfs, Midlothian ( 

* Dodd, Alexander Scott, Ph D,, F.I.C, F C S., City Analyst for Edinburgh. 

20 Stafford Street, Edmburgh 3 

* Donald, Alexander Graham, M A., F F.A , F.S.A Scot., Secretary of the 

Scottish Provident Imtitubon, Edinburgh. 18 Carlton Terrace, Edin¬ 
burgh 7 

Donaldson, Rev Wm. Galloway, J P.. F.R.G.S., F E.LS , The Manse of 
Forfar, Forfar 

Dott, David B , F !.C, Memb Pbarm. Soc , Ravenslea, Musselburgh 

* Dougall, John, M.A., D Sc., 47 Airtbrey Avenue, Glasgow, W. 4 

Douglas, Carstairs Cummmg, M.D , D.Sc., Professor of Medical Jurisprudence 
and Hvffiene, Anderson’s College, Glasgow, no South Bras Drive, 
Joidanhill, Glasgow 

* Douglas, Loudon MacQueen, Newpark, Mld-Calder, Midlothian 

* Drennan, Alexander Murray, M.D. (Edm.), F R.C.P £., Professor of Pathology, 

University of Edinburgh (Teviot Place) 


1925-28. 

Sec 

19*8-33 

V-P 
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1904-07. 

1913-16. 
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1933 

1906 

i9*S 

1904 

1931 

1924 

1906 

1933 

1924 

1924 

1879 

1902 
1878 

1900 

1931 

1910 

1907 

19*3 

1918 


C * Drcver Jamet M A B &c D Phil Profeuor of PiycholoKy Univenity of 
Edinburgh (South Bridge} Ivybank Waidir Road Edmburgh 5 
Dnnkwater Tlmnai W LRCPE IRCSE Chemical Laboratoiy 
burgeoni Hall Edmburgh 

* Drummond J Montagu i M A (Cantal ) Ham<u>n Profeuor of Botany, 

UniTeruty of Mancheater 

* Dryerre Henry MRCS PhD Ptofeawr of Pb)atoloey Royal (Dick) 

Vetennaiy College Phynological Biochemiat Animal Dueaaei Keaearch 
AaaoaatioD Kenmore Lasswade 

•Diyadale Charlea Vickey CB OBF DS (Lend) MIFL F Iiiit P 
Director of Scientihc Restarrh and Fapenmtnt ti the Admiralty 
S R k Department Archway Block N Admiralty Whitehall 1 ondon 

Dunlop William Brown MA 4a St Andrew Square Edinlurgha 
C Dunatan MJR MA FIC FCS formerly Pnnai il Riyal Agntultural 
CoIlcTC Cirenreater Windyacre Wrotham Kent 

* Dymond Edmund (iilbert M A Lecturer in Natural Philocophy Univeriiity 

of Edinburgh (Drummond Street) 8 Cubden f reacent Edinburgh 9 
C Dyaon Sir Frank Wataon KBF MA DSc ILD IRS formerly 
Aatronumer Royal Royal Obaervatory Greenmch 27 Wiitcoml e Park 
Road Blackheath b E 3 

* Eastwood George bamuel B Sc Principal Teacher of Mathematics Heath 

Secondary School Cowdenbeath Fife Craigie Lea Cowdenbeath Vife 
Edwards John LI D 4 Great Weitem Tertate KeWinaidi Glasgow 

* Eggleton Philip D Sc Lecturer m Biochemistry Dep ictment oi Phyuology 

Umvemty of Edtniurgh (leviot Place) 3f GiUesjit Crescent hdm 

* Flliot”^*’ Hon Walter Elliot PC MO MB ChB DSc LLD MP 

Minuter of Agnculture 14 Markham Square Chelaca Lon Ion 
C Elba David DSc Proftsior of Botany and Bactinology Kojal Techniiol 
(oUege Glasgow 

* Erakme John Maxwell General Manager of the Commerci «1 B ink oi Scotian 1 

Ltd 10 Spylaw Road Fdinl urgh 10 

* Fvani Arthur Humble M A St D Lecturer m English History C heviot 

House Crowthome Berks 

Fvana WdbamFdgar BSc Aaaiatontm charge of Herlanum Royal Botamc 
Garden Edinburgh 4 

CN Ewart James Cossar M D IID FHCSF FRS lZS,Ementu8| 
Regiua Professor of Natural History University ot I dinburgh Crnigy 
liefd Praicuik Midlothian ^ 

1-w.n John Taylor OBE Bbc MI Mech E JP IIM Inapettor rf 
Schools (Fmentui) Pitatandly Forfar 

C 1 Fwmg Sir James Alfred KGB MA DSc ILD FRS Hon Memb 
InatCf formerly Pnnnpal Umvemty of Edinlurgh and DircctoTv 
if Naval Education Admiralty 5 Hereehel Road t imbndge I 

C Eyrt John W H MD M S (Dunelro) DPH (Cantal) Profeuor of 
Bactenology Guy s Hospital I ondon b L 1 

* Fairbaicn William Ronald Do Ids M A M D D Psyth (Edin ) I rcturer in 

Psychology Umversity of Fdmlurgh (South Bridge) 18 Lansdown 
Crescent Tkimburgh 12 

C * Faugneve Mungo M Calluro M A (Cantab and Glas) Senior Saenee 
Master Edi^urgh Academy 37 Queen s Crescent i dinburgh 0 
C Falconer John Dowme M A D Sc F G S formerly Director of Uie f eo 
logical Survey of Nigeria The Cedirs Hatton Road Harhnglon 
Hayes Middlesex 

* Feldman William Moses M D BS MRCP MRCS Phynctanbt 

Mary a Hospital for Women and Children Flaistow 851 Fmtbley R lod 
LonMn NW 11 

* Fenton Edward WyUie M A B Se (Aberd) Head of Botany Department 

Edinburgh and Fast of bcotland C^ltege tf Agnculture 13 George Square, 
Edmburgh 8 
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1928-31 


1882-85 

1907-12 


1888^1, 

1919- ^ 

1920- 23 
P 

1924-29 
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Fergui, Edward Oswald, c/o Messrs M'Kajr ft Boyd, SoUdton, 50 WeUington. 

Street, Glasgow 

Ferguson, James Haig, M.D., LL.D, F.R.C.P.E., F.R.C.S.E, 7 Coates 
Crescent, Edinburgh 3 

■ Ferguson, Thomas, m!d., D.P.ll. (Edin.), F.R C.P.E., D.Sc., H M. Medical 
Inspector of Factones, Home Office. 4 Park Street, Falkirk 

* Ferrar, WiUiam Leonard, M.A., Fellow and Tutor of Hertford College, 

Oxford 

* Findlay, Sir John Edmund Ritchie, Bart., B.A. (Oxon.), Pit^rietor of the 

Scvltmm 18 Lauder Road, Edinbuigh 9 

* Finlay, Thomas Matthew, M A., D Sc. (Edin.), Lecturer in Palieontology, 

University of Edinburgh 11 Dudln Terrace, Leith 6 
t Fleming, John Arnold, F.C.S., Pottery Manufacturer, Locksley, Helensburgh, 
Dumbartonshire 

Fleming, Robert Alexander, M A., M D , LL D , F.R.C.P E , Consulting 
Physician, Royal Infirmaiy. 10 Chester Street, Edinburgh 3 
Flett, Sir John S , K.B.E., M A, D.Sc , LL.D., F.R S , Director of the 1916-19. 
Geological Survey of Great Britain and of the Museum of Practical 
Geology, 28 Jermyn Street, London, S W. 1 
Forbes, George, M.A., LL D., F R.S , M.Inst C.E., M.lnst.KE., F.R A.S., 


* Forrest, George Tuphsm, F.R I.B A, F.G S , Architect to the London County 

Council, County Hall, Westminster Bridge, London, S £. 1 

* Forrest, James, M A , B Sc. (Glos.), D.Sc. (St Andrews), Lecturer in Physics, 

University College, Dundee. “Cumbrae," Oxford Street, Blackness, 
Dundee 

* Forrester, Charles, A H.'W.C , F.I C, F.Inst P, Vice-Principal and Professor 

of Chemistry, Indian School of Mines, Dhanbad, India 
Fowler, William Hope, C.VO, M.B., 01.8. (Edin), M.R.C P., F R.C.S.E. 

J Deceased, October 4, 1933) 

dm, Thomas Bedford, B.A (Cantab.), 28 Kmgshiil Drive, Kenton, 
Middlesex 

* Fraser, Alexander, Actuary, le S. Learmonth Gardens, Edinburgh 4 
* Fraser, David Kennedy, M.A , B Sc, Psychologist to Glasgow Education 
Authority Edge o' the Moor, Mibmvie, Dumtiartonshire 
* Fraser, John, M C., M.D., Ch.M., F.R.C.S £., Regius Professor of Climeal 
Surgery, University of Edinburgh (Royal Infii^ry), 20 Moray Place, 
Edinburgh 3 

• Fraser, Kenneth. M.D (Edin), D.P.ll. fCantab.), D T M, (Edin.), County 
Medical Officer of Health, Cumberland. The Croft, Scotby, near Carlisle 
* Fraser. William, Managing Director, Neill & Co , Ltd., Pnnters, 212 Causeway- 
side, Edinburgh 9 

Froser-Hams, David Fraser, B.Sc. (Lond.), D.Sc. (Birm.), M.D., formerly 
Professor of Physiology, Dalhousic University, Halifax, Nova Scotia. 
Grove Park Lodge ^), Chiswick, London, W. 4 
Galbraith, Alexander, " Ravenswood,” Dalmuir, Glasgow 
• Galbraith, Augustus William de Ridian, M InsLC E , M Inst C E.I., F S.E , 
City Engmecr, Chnstchurch, New Zealand. The Spur, Sumner, New 
Zealand 

Galt, Alexander, D.Sc, formerly Keeper of the Department of Technology, 
Royal Scottish Museum, Edinburg C/o Clydesdale Bonk, 1 MelvQlc 
Place, F^inburgh 3 

Ganguh, Sanjiban, M A , Principal, Maharaja’s College, and Director of Public 
Instruction, Jaipur State, Jaipur, India 

* Gardner, Alfred Charles, M InstC.E., M.Inst.Mech.E., M.Inst.E E., F.G.S , 
Chief Engineer, Clyde NavigatioD Trust, 16 Robertson Street, Glasgow. 
324 Albert Drive, FoUokshieids, Glasgow 
* Gardner, John Davidson, B.Sc., A.M.Inst.C.E., Chief Assistant to Messrs 
D. ft C. Stevenson, Civil Engineers, Edinburgh. 23 Ivy Terrace, 
Edinburgh >i 

•Geddes, Alexander Ebenexer M'Lean, O.B.E., M.A., D.Sc., Lecturer in 
Natuial Philosophy, University of Aberdeen, la Louisville Avenue, 
Aberdeen 
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Gedd*», Rt. Hon. Sir Auckland C, P.C., G.C.M.G., K.C.B., M.D., LL.D., 
fonnerl^ Bridih AmUuador to the U.S.A. Frenahtm, The Layne, Riri> 
venden, Kent 

Gentle, WUliam, B.Sc., Head Maater, George Heriot’i School. lo Weet Savile 
Road, Edinburgh 9 

* Gboeh, Sudhan^, M.Sc. (Cal.), D.Sc. (Edin.), F C S., Profeiior of Chembtry, 

School of tropical Medicine and Hygiene, Central Avenue, Calcutta, 

India 

• Gibb, Sir Alexander, G.B.E., C B., M.Init.C.£ , Queen Anne’i Lodge, Weat- 

minater, London, S.W. l 

• (3ibb, Alfred William, M.A , D Sc., Profesaor of Geology, Univeiaity of Aber¬ 

deen, I Belvidere Street, Aberdeen 

* Gibb, David, M.A., B.Sc., LMturer in Mathematica, Univenity of Edinburgh 

(16 Chambcn Street). l( South Lauder Road, Edinburgh 9 

* Gibton, Alexander, M B,, Ch.B., F,R,C.S., 6to Medical Aita Building, Winni¬ 

peg, Canada 

• Gibaon, Walcot, D.Sc , F R S . F.G.S, formerly Auiatant Dinctor, H.M. 

Geological Survey (Scotland). Pathwaya, Fauilgbt Road, Hythe, Kent 
Gidney, Sir Henry A. J., Kt, F.R C S E, O.P.H , J.P, M.L.A., Lt.-Col., 

I.M.S. (retired), c/o The Allahabad Bank, Ltd , Cairatta, India 

• Gilleapie, Robert Pollock, M.A, B Sc., Ph D (Cantob 1, Lecturer in Mathe¬ 

matical Univeraity of Glatgyiw. Aahcot, Kilbarchan Road, Johnatone, 
Renfttvrthire 

* Gilleapie, Thomas llaining, TKrector-Secretary, Zoological Society of Scotland. 

Coratotphine Hill House, Murrayficld, F/lmburgh 12 

• GiUiei, Wilfiam King, M.A., B.A., F.E l.S , LL.D (Glas ), Rector of the 

Royal High School, Edinbur|A. Oavaar, u Suffolk Road, Edinburgh 9 
Gilruth, John Anderson, M R C!V S , D V.Sc (Melb), Clown Street, South 
Yarra, Melbourne, Aualraha 

Gladitone, Hugh Steuart, M.A , M.B O.V , F.Z S , Capenoch, Penpoint, 

Dumfries 

Gladstone, Reginald John, M.D, F R.C S , Lecturer and Senior Demonstrator 
of Anatomy, King’i CoUe^, University of London. 2a Court Lane 
Gardens, Lt^on, S.E 21 

* Goldie, Archibald Hayman Robertson, M.A , B A , Supenntendent, Meteoro- 1929-32. 

lo^cal Office, Air Ministry, Edmburgh, 6 Drum^eugh Gardens, Edm- 
burgh 3 

GoodaU, Joseph Strickland, M B. (Lend ), M R C P . F.R.C.S.E , M S.A. 

(Eng.), Profesaor of Physiology and Biology, City of London Hospital 136 
Harley Street, London, W. i 

GoodwiUie, James, M.A , B Sr., 139 Clifton Road, Aberdeen 
*Gonlon, WUliam Thomas, MA, DSc. (Edin), M.A. (Cantab.), Profesaor 


of Geology, University of Lo^oa, Kino]]! College, Strand, W.C 
Gordon-Munn, John Gordon. M.D., Ctoys, Dalbeattie 

* Grabham, George Walter, O.B E., MA.. (Cantab.), F.G S , Government 

Geologist, AnKlo-EfOTtian Sudan Box 178, Khartoum 
Graham, Kobnt^mea Douglas, M.A., D.Sc , Lecturer m Plant Physiology, 

University of Edinburgh Roy«l Bottnic Garden, Edinburgh 4 

* Grant, Robert, Publisher (Oliver & Boyd), Edmburgh. 6 Kilgraaton Rood, 

Edinburgh 10 

Gray, Albert A , M.D., (Hammersmith Terrace, London, W, 6 
Gray, James Gordon, D.Sc, Profesaor of Applied Phyaics, Univenity of I913-IJ. 
Glasgow. II The Univwaity, Glasgow 

* Gray, Wm Forbes, F.S.A.Scot., 8 Manaionhouae Road, Edinburgh 9 

* Greenwood, Alan William, D Sc. (Melb.), Ph D. (EdinJ, Lecturer in the 

Institute of Animal Genetica, Univenity of Edinburgh (West Mains Road) 

* Greenwood, William Oabome, M.D. (Leeds), B S. (Lond.), L.S.A., Woodroyd, 

19 Ripon Road, Hamgate, Yorks 

* Grdg, David MiMeton, hLB , C.M., F.R.C.S.E., LL.D., Cmaervator of the 

Museum of the Royu CoU^ of Surgeons of Edinburgh, it Abbotsford 
Crescent, E^buiM 10 

Greig, Edvard David Wilaoii, C.I.S., M.D., D.Sc., Lt.-Col., I.M.S. (retired), 

^ Coates Gardens, Edinburgh la 

*Gr^, John Russell, Ph.D. (Edin.), Director, Moredun Institute, Animal 
DiMuea Reteardh Asaociation. Wadiferlie, Kirkbrae, Liberton 9 
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1905 t Greig, Sir Robert Blyth, M.C., LL D, Secretary to the Department of Agti -1 

culture for Scotland, York Buildingt, Queen Street, Emnburgh 3 

1910 * Gnmihaw, Percy Hall, I.S.O., F R E S., Keeper, Natural Hiitory Department, 

Rcwal Srottiah Muaeum 49 Lygon Road, Edinburgh 9 
1899 t Guest, Edward Graham, M.A , B.Sc , J P., 5 Newbattle Terrace, Edmburgh 10 

1937 * GuUand, John Masson, M.A. (Oxon.), D.Sc. (Edin.), Ph.D. (St Andrews), 

Reader in Biochemistry, University of London, Lister Institute, Chelsea 
Bridge Road, London, S.W. I 

1907 Gulliver, Gilbert Henry, D.Sc., A.M I.Mech E., 99 Southwark Street, 

London, S E. 

1930 * Guthne, Douglas, M.D , F.R C S., Lecturer in Diseases of the Ear, Nose, and 

Throat, School of Medicine of the Royal Colleges, Edinburgh. 4 Rothesay 
Place, Edinburgh 3 

1933 G * Guthne, William Cilmour, M.A. (Edin), B A (Cantab), Ph.D , Professor of 
Mathematics and Natural Philosophy, Magee College, Londonderry, 

Northern Ireland 

1911 • Guy, William, F R C S., L R C P., L D S Ed, LL D (Penn), Consulting 

Dental Surgeon, Edinburgh Royal Infirmary, Lecturer on Human and 
Comparative Dental Anatomy and Physiology, it Wemyu Place, 

Edinburgh 3 

1933 * Haniuiy, Robert Kerr, M A , LL D , II R.S.A , Fraser Professor of Scottish 

History and Palieography, Umversity of Edinburgh (South Bridge). 
Histonographer-Ro]^ for Scotland. 5 Royal Terrace, E^nburgh 7 
1933 • Hanneford-Smith, William, A M Inst C E , Hon A R I B A l The Avenue, 

Gravesend, Kent 

1918 * Hatdie, Patrick Sinclair, M.A , B St., formerly Head of the Physics Depart¬ 

ment, Medical School, Cairo 10 Baldovan Road, Downficld, Dundee 

1938 ’Harding, William Gerald, FRHistS, FSAScot, F.RES, Peckwater 

House, Channg, Kent 

1933 C * Hama, Robert Graham, M A , D.Sc (Edin), Lorraine, Manor Road, Fam- 
borough, Hants 

1914 Harnson, Edward Phihp, Ph D , F Inst P, Chief Scientist, H.M S “ Vernon,” 

Portsmouth 

1931 • Harnson, John William Heslop, D.Sc. (Duriiam), F.R S., Professor of 

Botany, Armstrong CoUege, Newcastle. The Avenue, Birtley, Co. 

Durham 

1926 C. * Horrower, John Gordon, M.B., Cb.M, (Glos), FR.CS.E,, D Sc, (Edin), 

Professor of Anatomy, King Edward VII Medical College, and Surgeon, 

General Hospital, Singapore 

1926 * Harvey, William Frederick, C.I.E., M A , M.B , C M , D P.II, Lieut.-Col, 

IMS (retired), Histologist, Research Laboratory, Royal College of 
Physicians, Edinburgh. 56 Garseulic Terrace, Edmburgh 13 
1893 Hehir, Sir Patnek, K C I E , C.B., C M G , F R C.P E , F.R.C S.E., D.P.H., 

(Cantab), D T.M (Liverpool), May -General, IMS (retired). Enniifame, 

Westward Ho, Devon 

1931 • Henderson, John, F f’ I I , Manager and Secretary, Edinburgh Assurance Co, 

Ltd Seaforth Cottage, York Road, Trinity, Edmburgh 5 

1939 ’ Henderson, Thomas, C BE , J P., F.S.A.Scot., Actuary of the Savings Bank 

of Glasgow 5 Belmont Crescent, Glasgow, W. 3 
1908 Henderson, William Dawson, M.A, BSc, Ph.D., Lecturer, Zoological 

Laboratories, Umversity, Bristol 

1935 * Heron, Alexander Macmillan, D.Sc., Superintendent, Geological Survey of 

India, Calcutta, India 

1916 ’Herring, Percy Theodore, M.D, F.R.C.P.E., Professor of Physiology,/ 1917-30 

Umversity of St Andrews. Lmton, St Andrews \ 1931- 

1933 Hindle, Fdward, M.A., Sc D. (Cantab.), Ph.D., A.R C.S , London School of 

Hygiene and Tropical Medicine 33 Belsixe Avenue, Hampstead, 

London, N.W 3 

1903 Uinxman, Lionel V«., B.A., formerly of the Geological Survey of Scotland. 

4 Moront Gardens, RIngwood, Hants 

1904 Hobday, Sir Frederick T. G, Kt, C.M.G., Dr. Med. Vet. (Zurich), F.R.C.V.S., 

1^' Principal, Royal Veterinary College, Camden Town, London, N.W. t 

19x8 C. * Hobson, Alfi^ Dennis, M A (Cantab.), Professor of Zoology, Armstrong 
College, Newcastle-upon-Tyne 
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1930 

1939 

1930 


1913 

1893 

1933 


193a 

1918 


HodM, WUlUm VilUnce OoueUt, M.A (ICdin), M.A (Cikntab), University 
Lecturer. 8 Grange Gardens, Grange Road, Cambridge 
Ilodgldnion, W. R., C.B E , M.A., Ph D , F1C., F.C.S .formerly : 
of Chemistry and Metallurgy, ArtiUeiy College, Woolwich, to 
Hill Road, Blackheath, Kent 
Hogben, Lancelot Thomas, M.A., D.Sc , Professor of Social Biology (Londem 
^Iml of Economics), Umversity of London, Houghton Street, 

Holden, Henry Smith, D Sc, F L S., Professor of Botany, Umversity College, 
Nottingham 

Holland, Sir Thomas Henry, K.C S 1, K C I.E , D L , Hon. D.Sc , LL.D., ( 
F.R.S. (Vice-President), Prinapal of the University of £dmburgh,{ 
Blackford Brae, Edinburgh i 

Horn, Sunder Lai, D.Sc. (Punjab et Kdln), F L.S., F.Z.S , F A S.B., Semor 
Assistant Superintendent, Zoological Survey of India. Indian Museum, 
Calcutta 

' Home, Alexander Robert, O B.E , B Sc, M.I Mech E., A M Inst.C.E., 
Professor of Mechanical Rngmecnng, Henot-Watt College, Edinburgh. 
31 Queen’s Crescent, Edinburgh 9 
Home, J. Fletcher, M.D, F.R.C.S.E. Shelley Hall, Huddersfield 
Horsburgh, Elhce Martin, M A., D Sc, Reader m Tcchmcal Mathemabes, 
University of Edmburgh (16 Chambers Street) 11 Graiivdle Terrace, 
Edinburgh 10 

Houston, Sir Alex. Cruikshanks, K B E , C V O, M B , C M , D Se , LL D., 
F.R.S , 30 Nottingham Place, London, W 1 (Died October 39, 1933) 

’ Houstoun, Robert Alexander, M.A , Ph D , D Sc., L^turer m Physical Optics, 
University of Glasgow. 45 Kirldee Road, Glasgow 
Howden, Robert, M A , MB, CM, D Sc, 1-L D , Emeritus Professor of 
Anatomy, University of Durham Broomfield, Cneff 
■ Hume, Ed^ Erskme, D S M , B.A , M A , LL D , Lieut -Col, U S. Army, 
Librarian of the Army Medical Library, Washington The Magnolias, 
Frankfort, Kentucky 

Hume, William Fraser, D.Sc. (I.ond.), Director, Geological Survey of Egypt, 
Helwin, Egypt. The Laurels, Rusbngton, Sussex 

* Hunt, Owen Duke, B Sc (Manch), “Corrofell,” Newton Ferrers, South Devon 

* Hunter, Rev. Adam Mitchell, M A , D.LiU , Librarian of New College, Edu- 

burgh 3 Suffolk Road, Edinburgh 9 

* Hunter, Andrew, M A , B.Sc, M D , P R S C , Professor of Biochemistry, 

University of Glasgow 

* Hunter, Arthur, F F.A., LL.D. (Edin), Vice-President and Chief Actuary 

of the New York Life Insurance Co. 134 Lloyil Road, Montclair, N T , 
US.A 

•Hunter, Charles Stewart, LR.CPE, LRCSE, D P H., Cotswold, 36 
Streatham Hill, London, SW. i 

Hunter, Gilbert Macintyie, M Inst C.E, M Inst E S , M Inst M.E. Auchraig, 
Cramond Bng, near Edinburgh 

Hunter, William, C B, M D., M R C P.L. and E , M R.(' S , LL D., 103 Harley 
Street, London 

* Hyilop, James, M.A. (Glas), PhD (CanUb.), Lecturer in Mathemabes, 

Umversity of Glasgow Criffel View, Rotuhell Park, Dumfries 

* Ince, Edward Lmdsay, M.A (Cantab), D be (Edin), Lecturer m Mathe¬ 

matics, Imperial (follcge of Science and Terhuology, South Kensington. 
6 Rutland Gardena, West Ealing, I..ondon, W. 13 

* Inglis, James Gall, Publisher. 36 ^cket Place, Edmburgh 9 

* Inglis, John Alexander, of Auchmdmny and Redhall, K C , M A (Oxoa), 

LL.B (Edin 1, King’s and Lord Treasurer's Remembrancer. 13 Randolph 
Crescent, Edinburm 3 

* Inglis, Robert John Mathieton, M.Inst.C.E., Assistant Chief Engineer, 

L.N.E.R, Liverpool Street Station, London. Dixton, Hadley Common, 
Bmet 

•Irvine, Sir James Colquhoim, Kt., C.B.E., Ph.U. (Leipzig), D.Sc (St^ 
Andrews), Hon. D.Sc. (LiverpMl, Princeton), Hon ScD. (Cantab., 
Yale, Pennsylvania), Hon. LL.D. (Glas,, Abe^., Edin., and Toronto), 
Hon. D.C.L. (Durham), D.L, FR.S., Hon. F.K.I.S.. Hon. Mem, 
American Chemical Society, Principal of the University of St Andrews , 
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' Jack, David, M A , B Sc (Edm), Ph D (St Andrews), Lecturer in Natural 
Pfatlofophy, United College, Umvernty of St Andrews aa Grange Road, 


* Jack, John Loutbt, Solicitor, Assutant Secretary, Department of Health for 

Scotland, laiA Princes Street, Edinburgh a 

* Jeffrw, George Rutherford, M D (Glas), F R C P (Edm), Bootham Puk 

Pnvate Mental Hospital, York 

Jehu, Thomas John, M A , M D , F G S, Professor of Geology, University I 
of Edinburgh (Grant Institute of Geol^, West Mains Ro^) 35 Great { 
King Street, Edinburgh 3 I 

t Jerdan, David Smiles, M A , D St, Ph D, a6 Avenue du Chiteau d’Bau, 
Saventhem, Belgium 

* Johnson, Thomas, D Sc (Lond ), Fmentus Professor of Botany, Royal College 

of Saence for Ireland Tomes, Hillview Drive, Corstorpmne la 

* Johnston, Chnstopher Nicholson, The Hon Lord Sands, Kt, LL D , D D , f 

Senator of the College of Justice (Vick Presideut) 4 Henot Row,-! 
Edinburgh 3 I 

Johnston. Col Heiuy Halcro, CB, CBE, DSr, MD, CM (Edm), 
F L S late Administrative Staff, Army Stromness Hotel, Stromness, 
Orkney 

* Johnston Samt, Percy Johnston, M A (Cantab), Secretary, Wellcome HistoncaJ 

Medical Museum, 183 Euston Road, London, N W i 4 Wyndham Place 
Biyanston Square, London, W 

■Johnstone, Robert William, CBE, MA, MD (Edm), FRCSE, 
M R C P E, Professor of Midwifery and Diseases of Women, Umversity 
of Fdmburgh ad Palmerston Place, Edinburgh la 
■Jones Edward Tavlor, DSc (Lond) Professor of Natural Philosophy, 
Umversiw of Glasgow 

■ Jones, Samuel GnSith, D Sc (Univ Wales), Lecturer m Botany, Umversity of 

Glasgow Broomfield, Kilmacolm, Rrafrewshire 

■ Jones, Tudor Jenkyn, M B , Cb B (Glas), Lecturer m Anatomy, University 

of Liverp^ 

* Junta, Charles Fredenck, M A, D Sc, FIC, Chief of the Union Department 

of Chemistry Villa Manna, Three Anchor Bay, Cape Town, South Afnca 

■ Kemp, Charles Norman, B Sc, Techrocal Radiologist, Secretary of the Royal 

Swttuh Society of Arts Ivy Lodge, Laverockb^ Road, Edinburgh 5 

■ Kendall, James Pickenng, M A. D Sc, F R S (SbcretaRT TO ORDINARY ( 

Mbetinos), Professor of Chemistry, University of Edmburgh (West { 
Mams Road) 14 Mayfield Gardens, Edinburgh 9 I 

t Kennedy, Robert Foster, M D (Belfast), M B , B (^ (R U I), Associate Pro 
feasor of Neurology, Cornell Umversity, New York 410 ^t jyth Street, 
NewYork, USA 

■Kennedy, Walter Phillips, PhD (Edm ), L R C P and S E, A IC , Physiology 
Department, Umversity (Tcviot Pbee), Edmburgh 
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of Chemutry Umveraity of Edinburgh 5 Wester Coates Road Fdm 
burgh 12 

•Walker William James PhD (Edin) Research Chemist HM FuelReiearch 
Station Fast Greenwich London S E 10 C/o Hamson 64 Sandtoft 
Rodd Chirlton London SE 7 
Wallaa Alexander G M A 56 Fonthill Road Aberdeen 


1931- 


1948 3‘ 

1926-29 
V P 

1930-33 
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1903-05 
1910-13 
1922-25 
1928-31 
V P 
1916-19 
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Wallace Robert M A LL D F L S Ementiu Profemr of Apiculture and 
Rural Economy Umvemty of Edmburgh C/o Mr* M Call 11 Brunt* 
field Cre*cent Edinburgh lo 
Wallace Wm MA Campsie Alta Cana la 
■Walnuley Thomu MD (Gla*) Ptofeakorof Anitomy Qieen* Umver*ity 
Belfakt 

* Walton John MA (Cantab) DSc (Manchcbtcr) RtKiu*Profefl*or of Botany 

UmverKty of Glaagow 23 Lilybank Garden* CU gow W * 

•Wardlaw CSaude Wil*on DSc (Gla*) Impenal College of Ironical Agn 
lulture Tnnidad B W I 

* Warren John Alexander M In*t C E 74 Balthigray Avenue Partick 
Wateraton David MA MD FRCSE Profeuor of Anatomy Umvertitrf 

of bt Andrew* j 

* Wnt*on Charle* Brodie Boog F S A S ot 24 CarscubeTerrace Edinburgh I» 

* Wataon H Fergiuon MD FRFPS PhD DPH (Gla*) H M Senior 

Deputy Communoner General Board ot ( ontrol for Scotland 25 Pal 
mertton Place Fdmburgh la 

* Wateon William M A B Sc (Fdm) Lecturer n Phytic* Her ot Watt College 

Edinburgh 17 Braidbum Creacent Edinburgh 10 
tWatt Jame* WS FFA LID (Trv \<.tjRra) 7 Bin kforl Road ( 


* Watt Right Rev I auchlan MacL^ D D LI D 1 he Cathedr 1 C laigow 

1 Alhole Garden* Gbttgow W 2 

* Watter* Alexander Marahofl M A B St (( la*) Rictor of Haw k High 

School High School Uoute 11 witk 

+ WeUter John iTarente B A MD FRCPL Prof »»or of Obatetn * and 
Gynt^ogy Ruah Mtdtcal Cdlege Shediac NB Cinali 
tWedderbum Fmeat Ma lagan MADS LIBWS Profe sor of ( on ( 
veyanang Univers ty of Ldinburgh (South Br dgt) 6 Succoth Car Itn*,-! 
Edinburgh 12 ( 

tWedderbum J II Maclagan MADS IRS Profetsor of Mathematic* 
Princeton Vmvenity kme Hull Princeton N ] USA 
Weddenpoon WUham GiUon MAUD 

* White Adam Caim* MB Ch B Ph D Auuitant Pharmacologut Wtllcom 

Phyuolopcal Revearch Lai oratoiy Beckenham Kent 

* WhitlCT Wilham Fredenc Jame* M D (Edin) D I H (Oxon) Medi at 

Officer of Health North mlerland County Council Weatfield Cram 
linpon Northuml erland 

* Whitaon Sit fhoma* Bamby D1 C A I L D Lord Provoat of the t itj 

of Fdinbutgh (1920-32) 27 Egbnton Crt*cent Fdinlurgh 12 

* Whittaker Charle* Richa^ FRtSE FSA Scot Lynwood Hatton Place 

Edinburgh 9 

* Whittaker Edmund Taylor M A Hon Sc D (DubI) 1 L D F R S 

Foreign Member of the R Acrademia dii Lincet Rome Profeaaor of 
Mathematic* Umvenity of Edmburgh (lb Chamber* Street) 48Ccorge 
Square Fdmburgh 8 

* Whittaker John Matnaghten M A (Fd n) M A (Cmtal ) D St Profeaaor 

of Pure Mathematic* Univeruty of Livenxwl 

* Whyte Rev Charle* MA LLD ERAS UF Church Manac K ng* 

well* Aberdeen 

* Wieuier Bertold Paul D Sc Matauliw Lecturer Inatit ite of Animal Genetic* 

Umverntyof Edinburgh (Weat Miun* Roa^ 

* Wight John Thoria* M I Mech F Ml Mar E Jomt Managing Director 

Me*«r« MacTaggart Scott ft Co Ltd Looiffiead Calderwood Villa 
Lanwade 

* Wilkie David Percival Dalbreck QBE MD ChM FRCS Profeaaor 

of Surgery Umveraity of Fdmburgh (Royal Infirmary) 9 Ainthe Place 
EdiAburgb 3 

* Wilham* Samuel PhD Lecturer m Plant Morphology UmvemtyofGlugoir 

27 Lindiay Place Kelvindale Clafgow 
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Williunton, Henry ChErlei, M.A., D Sc, formerly NeturelUt to die nsbery 
Boerd for Scotland. 11 St Mary’s Roa^ Dot^eld, Dundee 

* Williamson, John, M.A. (Edin.), Ph.D. (Chicam), Associate Professor of 

Mathematics, Johns Hopkins University, Balnmore, U.S.A. 

* Williamson, William, F.L.S., 7 Ventnor Terrace, Edinburgh 9 

* Williamson, WUliam Turner Horace, B.Sc. (Aberd.), P^.D. (Edin.), Chief 

Chemist, Egyptian Ministry of Agriculture, Cotton Research Board, Gixa, 

Wlls^n‘?XlfrcdC , Bloomfield House, Sadberge, near Darlington 

* Wilton, Andrew, O.B.E., D.L., M.Inst C.E , Master of the Merchant Company, 

66 Netherby Road, Edinlairgh 5 

+ Wilson, Charles T. R , M A., LL D , F.R S., Nobel Prise, Physics, 1917, 
Jacksonian Professor of Natural Philosophy, University of Cambridge. 
Glencorte, Storey’s Way, Cambridge 

* Wilton, John, F R I.B.A., Chief Architect, Scottish Department of Health 

20 l^mond Road, Edinburgh 5 

* Wilson, Malcolm, D Sc (London), A R C.S , F L S , Reeder in Mycology 1931- 

and Bacteriology, Umvertity of Edinburgh (Royal Botanic Garden) 

Brent Knoll, Kinnear Road, Edinburgh 4 

* Wilson, William, M.A , LL.B., Advocate, Regius Professor of Pubbe Law, 

University of Fxiinburgh (South Bridge). 38 Moray Place, Edmburgh 3 
Wilson-Barker, Sir David, Kt, R D . R N.R., F R.G.S., formerly Captain- 
Supenntendent, Thames Nautical Trainmg College, H.M.S "Worcester.” 

12 Bolan Street, London, S.W 11 

* Wishart, John, M A , B Sc (Edin.), M.A. (Cantab.), D.Sc. (Lond.), Reader 

in Statistics, University of Cambridge Astriea, 18 Storey’s Way, 
Cambridge 

, * Wordie, James Mann, M A (Cantab), B.Sc. (Glas), 52 Montgomery Drive, 

Glasgow 

* Wnght, James, F.G S., Bellevue, Bevendge Road, Kirkcaldy 
Wnght, Johnstone Christie, Conservative Club, Edinburgh 2 

t Wright, Sir Robert Patnek, LL D , formerly Chairman ot the Board of Agri¬ 
culture for Scotland The Hough, North Berwick, East Lothian 

* Wiigley, Rune Whitehead, M A (Cental)), Assistant Astronomer, Royal 

ObMrvatory, Edinburgh 

Young, Frank W , C.B.E , F.C.S , H M. Inspector of Schools (Emeritus). 

3S Pentland Terrace, Edinburgh 10 

Young, R B, M A., D.Sc, F.G.S., Professor of Geology and Mineralogy, 

South African School of Mines and Technology, Joha^esburg, Transvaal 


Number of Fellows, 722. 



HONORARY FELLOWS OF THE SOCIETY. 


{Ai 2%rd October 193.^.) 


HIS ROYAL HIGHNESS THE PRINCE OF WALES. 


FoKBIGNBRS (LIlCtTBD TO THIRTY-SIX BY LaW I). 

EltcM 

1933 John Jacob Abel, Professor of Pharmacology, Johns Hopkins Umversity, Baltimore. 

1916 Charles Eug^ Barrou, formerly Professor of Geology and Mineralogy, Umversitf, Lille, 
France 41, Rue Pascal, Lillc. 

1913 Henri Bergson, Honorary Professor, College of France, Pans. 

1930 Vilhelm Fnmann Roren Bjerknes, Professor of Physics. Geophssical Institute, Bergen. 
1937 Niels Bohr, Nobel Laureate, Physics, 1933, Professor ot Physics, University of Copenhagen. 
1937 Jutes Bordet, Nobel Laureate, Me^cine, 1919, Professor of Bactenology, University of 
Brussels 

1933 Filippo Bottaxzi, Profeuor ol Experimental Physiology, Royal Institute of Physiology, 
S Andrea delle Dame, 31, Naples. 

1933 Marcellin Boule, Professor at (he National Museum of Natural llistor). Laboratory of 
Palaeontology, 3 Place Valhubert, Pans 5*. 

1905 Waldemar Christofer Brogger, Professor of Mineralogy and Geology, K. hredenks 
Univertitet, Oslo 

1916 Douglas Houghton Campbell, Kmentus Professor of Botany, Stanford University, 
California. 

1930 William Wallace Campbell, President-Emeritus of the Umversity of Cahfomia, Berkeley, 
Director-Ementus of the Lick Observatory, Mt Hamilton, California, and Prisident 
of the National Academy of Sacnces. 

1930 WalterBradfordCannon,ProfessorofPbyMolo^, Harvard Umversity, Cambridge, Mass 

1930 Maurice Caulleiy, Professor of ZooIoot in the Umversity of Paris I.aboratoired’Eiolutioa 

des Etres organises, io< Bould. Raspaii, Pans, VI*. 

1933 Edwin Grant Conklin, Professor of Biology, Pnmeton University, N.J. 

1931 Reginald Aldworth Daly, Professor of Geology, Harvard University, Cambndge, Musa. 
1937 Alliert Einstem, Nobel Laureate, Physics, 1931, Princeton University, N J. 

1913 George Ellery Hale, Honorary Director ot Mount Wilson Observatory (Carnegie Institution 
of Waahington), Pasadena, California. 

1931 Johan Hjort, Iwfesfor of Manne Biology, Umversity, Oslo. 

1933 Arnold Frederik Ilollcman, Professor of Organic Chemistry, University, AmsUrdam. 
Boekensteijn Parkweg 7, Blocmendaal. 

1933 Nikolai Konatantinovir Koltsoif, formerly Professor of Zoology, State University, Moscow; 

Director of the Research Institute of Experimental Biology Moscow 64, Voionrovo 
Pole 6. 

1933 Tullio Levi-Dvita, Professor of Mathematics, Regia Unlversitk, Rome 

1937 Hans Horst M»er, Emeritus Professor of P^rmacology, Umversity of V'icnno. 

1933 Arthur Amos Nwes, Institute of Technology, Pasadena, California. 

1908 Hen^ Fairfield Osborn, Research Professor of Zoology, Columbia University, Honorary 
President, American Museum of Natural History, New York, and Senior Geologist, 
U.S. Geological Survey. 

1908 Ivan Petrovitch Pavlov, Emeritus Professor of Physiology, Academy of Sciences, Inst. 

Exper. Med, Nobel Laureate, Physltdogy and M^dne, 1904. V.O., 7 bgne 

No, a, Lenbigrad. 

>933 Albrecht Penck, Gehdmrat Professor (Emeritus) of Geography, Frledrich-WUhelma* 
Unlvi^tkt, Berlin. 

1930 Charles Emile iHcard, Perpetual Secretary, Academy of Sdencea, Paris. 
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Salvatore Pincherle, Profeuor of Mathematica, Univenity of Bolo^. 

1913 Santiago Ram6n y Cajal, Nobel Laureate, Me^cine, 1906, former^ Profeaaor of Hiatology 
and Fatholorical Anatomy, Univerrity, Madrid. 

1920 Charlea Bichet, Nobel Laureate, Medidne, 1913, Profeasor of Physiology, Faculty of 
Medicme, Paris. 

1930 Erik Helge Oswald Steniitt, Professor, Royal Natural History Museum, Stockholm. 

1913 Vito Voiterra, Professor of Mathematical Physics, Regia University, Rome. 

1910 Hugo de Vries, Professor of Plant Anatomy and Physiology, Lunteren. 

1927 Richard WiUstltter, Nobel Laureate, Chemistry, 1915, Professor of Chemistry, Uni- 
versiU of Munich. Munich 27, Moehlstrasse 29. 

1923 Edmund Beecher Wilson, Professor of Zoology, Columbia UniversiW, New York, 

1933 Pieter Zeeman, Nobel Laureate, Physics, 1902, Professor of Physics, University, Amsterdam. 
Total, 36. 


BaiTi.sH Subjects (limited to twenty by Law I). 

1927 Sir WUliam Henry Bragg, O M , K.B.E . M.A., D Sc , LL.D., F.R.S., Nobel I.aureate, 
Physics, 1913, Fulleimn Professor of Chemistry, Royal Institution, Lon do n. 

1930 Sir Arthur St^ey Eddington, Kt, M.A , Hon. D Sc , F R.S , Plumian Professor of 
Astronomy and Experimental Philosophy, University of Cambridge. 

1927 Sir John Bretland Farmer, Kt., M A., D Sc , LL D., F R S , formerly Professor of Botany, 
Imperial College of Sdence and Technolo^, London 

1900 Andrew Russell Forsyth, M.A , Sc D , LL.D , Hon. Math D , F.R S , Emeritus Professor 
of Mathematics, Imperial College of Science and Technology, London; formerly 
Sadldrian Professor of Pure Mathematics, University of Cambridge. 

1910 Sir James George Frazer, O M , Kt, D C.L , LL D , Litt O., F R.S., Commandcur de la 
Legion d’Honneur. Tnmty CoUrae, Cambridge. 

1930 Sir WiUiam Bate Hardy, Kt, M A , I^R.S , Director of Food Investigation, Department 
of Scientific and Industrial Research 5 Grange Road, Cambridge. 

1927 Sir Frederick Gowland Hopkms, Kt, M A , M.B., D.Sc , LL D., Pres. R S., Joint Nobel 
Laureate, Mediane, 1^9, Professor of Biochemistry, Universito of Cambridge 

1930 Sir Arthur Keith, Kt, M D., LL.D, F.R.S, Master, Buckston Browne Research Farm, 
Downe, Famborough. 

1913 Sir Horace Lamb, Kt, M.A., Sc.D., D.Sc , LL D., F.R.S , formerly Professor of Mathe¬ 
matics, University of Manchester. 6 Selwyn Gardens, Cambridge. 

1910 Sir Joseph l.armor, 1« , M.A , D.Sc., LL D, D C.L., F.R.S., formerly Lucasian Professor 
of Mathematics, University of Cambridge St John's College, Cambridge. 

1933 Sir George Macdonald, K.C B , LL D., formerly Secr^ry, Scottish Education Depart¬ 
ment 17 Learmonth Gardens, Edinburah 4. 

1930 Robert Robinson, D Sc , F.R S , Waynflete ftofessor of Chemistry, University of Oxford. 

1921 Rt. Hon. Lord Rutherford of Nelson, O.M., M A., D Sc., B.A , LL D., Past Pres R.S., 
Nobel Laureate, Chemistry, 1908, Cavendish Professor of Experimental Physics, 
Umversity of Cambridge. 

1916 Sir Arthur Shuster, Kt., Sc.D., D.Sc, Dr. hs Sci (Geneva), LL.D , F.R.S., Honorary 
Professor of Physics, University of Manchester. Yeldall, Twyford, Berks. 

J930 Dukinfield Henry Scott, M.A., D Sc., LL D., Ph D., F.R.S., formerly Honorary Keepir 
of the Jodrell I.4iljoratory, Royal Botanic Gardens, Kew East OaUey House, Basing¬ 
stoke, Hants 

1933 Sir William Napier Shaw, Kt, Sc.D (Cantab.), LL.D., F.R S,, formerly Director Meteoro¬ 
logical Office. 10 Moreton Gardens, London, S.W. 5. 

1908 Sir Charles Scott Sherrington O M , G B E., M.A., D.Sc., M D., LL.D., Post Pres. R.S , 
Joint Laureate, NoM Prize, Medicme, 1932, Waynflete Professor of Physiology, 
University of Oxford. 

1905 Sir Joseph John Thomson, O M., Kt., D.Sc, LL.D , Past Pres. R.S., Nobel Laureate, 
Physics, 1906, formerly Cavendish Professor of Experimental Physics, University of 
Cambridge, Master of Trinity College, Cambridge. 

Total, 18. 



CHANGES IN FELLOWSHIP DURING SESSION Z93»-Z933. 


FELLOWS OP THE 
FREDERICK LATHAM ARNOT. 
FRABODH CHANDRA BANERJBE. 
JAMES LIVINGSTONE BEGG. 

THOMAS ROBERT BOLAM. 

FINLAY JAMES CAMERON. 

JOHN IRVINE CARSWELL. 

ARTHUR MELVILLE CLARK. 
ARTHUR LANCELOT CRAIG- 
BENNETT. 

EDMUND GILBERT DYMOND. 

JOHN MAXWELL ERSKINE. 

THOMAS FERGUSON. 

CHARLES FORRESTER. 

WILLIAM HOPE FOWLER. 

AUGUSTUS WM DE ROHAN GAL¬ 
BRAITH. 

ALFREDT CHARLES GARDNER. 
ROBERT POLLOCK GILLESPIE. 
THOMAS HAINING GILLESPIE. 
WILLIAM GILMOUR GUTHRIE. 


SOCIETY ELECTED. 

EDGAR ERSKINE HUME. 

DAVID LEES. 

JAMES MACLEOD. 

JOHN MALCOLM 

WILLIAM JOHN MILNE MENZIES. 
LOUIS MELVILLE MILNE-THOMSON. 
JOHN MURRAY. 

THOMAS NICOL. 

CHARLES WYNFORD PARSONS. 
ALFRED WILLIAM NOEL FILLERS. 
FRANK ANDERSON BAILLIE 
PRESTON. 

JOHN LIVINGSTON SOMERVILLE. 
JOHN BARCLAY TAIT. 

GEORGE TAYLOR 
GEOFFREY TIMMS 
JOHN MITCHELL WATT 
WILLIAM FREDERIC JAMES 
WHITLEY. 

JAMES WRIGHT. 


HONORARY FELLOWS ELECTED. 

Forkion. 

I NIKOLAI KONSTANTINOVIC KOLT- 
ZOFF 

ALBRECHT PENCK 
PIETER ZEEMAN. 

British. 

SIR GEORGE MACDONALD. | SIR WILLIAM NAPIER SHAW. 


JOHN JACOB ABEL. 
FILIPPO BOTTAZZI. 
EDWIN GRANT CONKLIN. 


FELLOWS 

FRANCIS ERNEST BRADLEY. 
BANAWARI LAL CHAUDHURI (died 

1931)- 

WILLIAM INGLIS CLARK. 

SIR DUGALD CLERK. 

WILLIAM GRANT CRAIB, 

JOHN CUTHBERTSON. 

WILLIAM HOPE FOWLER. 

JOSEPH ROBERT FRASER. 
FREDERICK GARDINER. 

JOHN GLAISTER. 

JOHN HENDERSON. 

WILLUM JACOB HOLLAND. 


DECEASED. 

THEOPHILUS BULKELEY HYSLOP. 
ROBERT T. A. INNES 
ROBERT JARDINE 
JOHN ALFRED JONES (died 1923). 
SPENCER MORT. 

RALPH RICHARDSON 
JOHN STEPHENSON 
JOHN W. TAIT. 

JAMES EDWARD TALMAGE. 

SIR J. ARTHUR THOMSON 
JOHN MILLAR THOMSON 
WILLIAM ARTHUR WILLIAMS. 


FOREIGN HONORARY FELLOW DECEASED. 

JOHANNES SCHMIDT. 

BRITISH HONORARY FELLOW DECEASBD. 

JOHN EDWARD MARR. 


FELLOWS RESIGNED. 

GEORGS HECTOR PERCIVAL. | D. CLEGHORN THOMSON. 

DUGALD MaSLLAN. 
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LAWS OF THE SOCIETY. 

Aiopitdjuly 3, 1916; am*nd$d J>*€tmUr 18, 1916. 


Law I, amended Febmaiy 5,1934. 

» VI, „ „ 7,1921. 

•• ,» >1 July 3,1928. 

VIII, „ Mays. 19M. 


Law IX, amended May 3,1920. 

„ XIII, „ Mays, 1920. 

., XIX, „ June 16,1924. 


THE ROYAL SOCIETY OF EDINBURGH, which was instituted 
by Royal Charter in 1783 for the promotion of Science and Literature, 
shall consist of Ordinary Fellows (hereinafter to be termed Fellows) and 
Honorary Fellows. The number of Honorary Fellows shall not exceed 
sixty-six, of whom not more than twenty-two may be British subjects, and 
not more than forty-four subjects of Foreign States. 

Fellows only shall be eligible to hold office or to vote at any Meeting 
of the Society. 

ELECTION OF FELLOWS. 


Each Candidate for admission as a Fellow shall be proposed by at 
least four Fellows, two of whom must certify from personal knowledge. 
The Official Certificate shall specify the name, rank, profession, place of 
residence, and the qualifications of the Candidate. The Certificate shall 
be delivered to the General Secretary before the 30th of November, and, 
subject to the approval of the Council, shall be exhibited in the Society’s 
House during the month of January following. All Certificates so 
exhibited shall be considered by the Council at its first meeting in February, 
and a list of the Candidates approved by the Council for election shall be 
issued to the Fellows not later than the 21st of February. 

III. 

The election of Fellows shall be by Ballot, and shall take place at the 
first Ordinary Meeting in March. Only Candidates approved by the 
Council shall be eligible for election. A Candidate shall be held not 
elected, unless he is supported by a majority of two-thirds of the Fellows 
present and voting. 



Laws of tk* Soeitty. 
IV. 


451 


On the day of election of Fellows two scrutineers, nominated by the 
President, shall examine the votes and hand their report to the President, 
who shall declare the result. 


Each Fellow, after his election, is expected to attend an Ordinary 
Meeting, and sign the Roll of Fellows, he having first made the payments 
required by Law VI. He shall be introduced to the President, who shall 
address him in these words:— 

In the name and by the authority of THE ROYAL SOCIETY 
OF EDINBURGH^ I admit you a Fellow thereof. 

PAYMENTS BY FELLOWS. 


Each Fellow shall, before he is admitted to the privileges of Fellowship, 
pay an admission fee of three guineas, and a subscription of three guineas 
for the year of election. He shall continue to pay a subscription of three 
guineas at the beginning of each session so long as he remains a Fellow. 

Each Fellow who was elected subsequent to December 1916 and 
previous to December 1920 shall also pay a subscription of three guineas 
at the beginning of each session so long as he remains a Fellow. 

Each Fellow who was elected previous to December 1916, and who 
has not completed his twenty-five annual payments, shall, at the beginning 
of each session, pay three guineas until his twenty-five annual payments 
are made. Each Fellow who has completed or shall complete his pay¬ 
ments shall be invited to contribute one guinea per annum or to pay 
a single sum of ten guineas. 

A Fellow may compound for the annual subscriptions by a single 
payment of fifty guineas, or on such other terms as the Council may 
from time to time fix. 


VII. 

A Fellow who, after application made by the Treasurer, fails to pay 
any contribution due by him, shall be reported to the Council, and, if the 
Council see fit, shall be declared no longer a Fellow. Notwithstanding 
such declaration all arrears of contributions shall remain exigible. 
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ELECTION OP HONORARY FELLOWS. 

VIII. 

Honorary Fellows shall be persons eminently distinguished in Science 
or Literature. They shall not be liable to contribute to the Society’s 
Funds. Personages of the Blood Royal may be elected Honorary Fellows 
at any time on the nomination of the Council, and without regard to the 
limitation of numbers specified in Law I. 

IX. 

Honorary Fellows shall be proposed by the Council. The nominations 
shall be announced from the Chair at the First Ordinary Meeting after 
their selection. The names shall be printed in the circular for the last 
Ordinary Meeting of the Session, when the election shall be by Ballot, 
after the manner prescribed in Laws III and IV for the Election of 
Fellows. 


EXPULSION OF FELLOWS. 


If, in the opinion of the Council, the conduct of any Fellow is injurious 
to the character or interests of the Society, the Council may, by registered 
letter, request him to resign. If he fail to do so within one month of 
such request, the Council shall call a Special Meeting of the Society to 
consider the matter. If a majority consial|^'ef not less than two-thirds 
of the Fellows present and voting decide for expulsion, he shall be expelled 
by declaration from the Chair, his name shall 1 ^ erased from the Roll, and 
he shall forfeit all right or claim in or to the property of the Society. 

XI. 

It shall be competent for the Council to remove any person from the 
Roll of Honorary Fellows if, in their opinion, his remaining on the Roll 
would be injurious to the character or interests of the Society. Reasonable 
notice of such proposal shall be given to each member of the Council, 
and, if possible, to the Honorary Fellow himself. Thereafter the decision 
on the question shall not be taken until the matter has been discussed at 
two Meetings of Council, separated by an interval of not less than fourteen 
days. A majority of two-thirds of the members present and voting shall 
be required for such removal. 
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MEETINGS OF THE SOCIETY. 

XII. 

A Statutory Meeting for the election of Council and Office-Bearer*, 
for the presentation of the Annual Reports, and for such other business 
as may be arranged by the Council, shall be held on the fourth Monday of 
October. Each Session of the Society shall begin at the date of the 
Statutory Meeting. 

XIII. 

Meetings for reading and discussing communications and for general 
business, herein termed Ordinary Meetings, shall be held, when con¬ 
venient, on the first and third Mondays of each month from November 
to July inclusive, with the exception that in January the meetings shall 
be held on the second and fourth Mondays. 

XIV. 

A Special Meeting of the Society may be called at any time by direction 
of the Council, or on a requisition to the Council signed by not fewer than 
six Fellows. The date and hour of such Meeting shall be determined by 
the Council, who shall give not less than seven days’ notice of such 
Meeting. The notice shall state the purpose for which the Special 
Meeting is summoned; no other business shall be transacted. 

PUBLICATION OP PAPERS. 

XV. 

The Society shall publish Transactions and Proceedings. The con¬ 
sideration of the acceptance, reading, and publication of papers is vested 
in the Council, whose decision shall be final. Acceptance for reading 
shall not necessarily imply acceptance for publication. 

DISTRIBUTION OF PUBUCATIONS. 

XVI. 

Fellows who are not in arrear with their Annual Subscriptions and 
all Honorary Fellows shall be entitled gratis to copies of the Parts of 
the Transactions and the Proceedings published subsequently to their 
admission. 
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Copies of the Parts of the Proceedings shall be distributed by post or 
otherwise, as soon as may be convenient after publication; copies of the 
Transactions or Parts thereof shall be obtainable upon application, either 
personally or by an authorised agent, to the Librarian, provided die 
application is made within five years after the date of publication. 

CONSTITUTION OF COUNCIL. 

XVII. 

The Council shall consist of a President, six Vice-Presidents, a 
Treasurer, a General Secretary, two Secretaries to the Ordinary Meetings 
(the one representing the Biological group and the other the Physical 
group of Sciences),* a Curator of the Library and Museum, and twelve 
ordinary members of Council. 

ELECTION OF COUNCIL. 

XVIII. 

The election of the Council and Office-Bearers for the ensuing Session 
shall be held at the Statutory Meeting on the fourth Monday of October. 
The list of the names recommended by the Council shall be issued to the 
Fellows not less than one week before the Meeting. The election shall 
be by Ballot, and shall be determined by a majority of the Fellows present 
and voting. Scrutineers shall be nominated as in Law IV. 

XIX. 

The President may hold office for a period not exceeding five con¬ 
secutive years; the Vice-Presidents, not exceeding three; the Secretaries 
to the Ordinary Meetings, not exceeding five; the General Secretary, 
the Treasurer, and the Curator of the Library and Museum, not exceeding 
ten; and ordinary members of Council, not exceeding three consecutive 
)rears; provided that the Treasurer may be re-elected fpr more than ten 
successive years in cases where the Council declares to the Society that 
an emergency exists. 

XX. 

In the event of a vacancy arising in the Council or in any of the Offices 
enumerated in Law XVII, the Council shall proceed, as soon as con- 

* The Biological group indudet Anat<»af, Antbropdogy, Botany, Geology, Pathology, 
Phyaktlogy, Zoology; the Phyncal group include* Astronomy, Chemistry, Mathematics, 
Metalluigy, Meteordogy, Physics. 
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venient, to elect a Fellow to fill auch vacancy for the period up to the next 
Statutory Meeting. 

POWERS OP THE COUNCIL. 

XXL 

The Council shall have the following powers:—(i) To manage all 
business concerning the affairs of the Society. (2) To decide what papers 
shall be accepted for communication to the Society, and what papers shall 
be printed in whole or in part in the Transactions and Proceedings. (3) 
To appoint Committees. (4) To appoint employees and determine their 
remuneration. (5) To award the various prizes vested in the Society, in 
accordance with the terms of the respective deeds of gift, provided that 
no member of the existing Council shall be eligible for any such award. 
(6) To make from time to time Standing Orders for the regulation of the 
affairs of the Society. (7) To control the investment or expenditure of 
the Funds of the Society. 

At Meetings of the Council the President or Chairman shall have a 
casting as well as a deliberative vote. 

DUTIES OF PRESIDENT AND VICE-PRESIDENTS. 

XXII. 

The President shall take the Chair at Meetings of Council and of the 
Fellows. It shall be his duty to see that the business is conducted in 
accordance with the Charter and Laws of the Society. When unable to 
be present at any Meetings or attend to current business, he shall give 
notice to the General Secretary, in order that his place may be supplied.' 
In the absence of the President his duties shall be discharged by one of the 
Vice-Presidents. 

DUTIES OP THE TREASURER. 

XXIII. 

The Treasurer shall receive the monies due to the Society and shall 
make payments authorised by the Council. He shall lay before the 
Council a list of arrears in accordance with Rule VII. He shall keep 
accounts of all receipts and payments, and at the Statutory Meeting shall 
present the accounts for the preceding Session, balanced to the 30th of 
September, and audited by a professional accountant appointed annually 
by the Society. 



DUTIES OP THE GENERAL SECRETARY. 


XXIV. 

The General Secretary ghall be responsible to the Council for the 
conduct of the Society’s correspondence, publications, and all other busi¬ 
ness except that which relates to finance. He shall keep Minutes of the 
Statutory and Special Meetings of the Society and Minutes of the Meetings 
of Council. He shall superintend, with the aid of the Assistant Secretary, 
the publication of the Transactions and Proceedings. He shall supervise 
the employees in the discharge of their duties. 


DUTIES OF SECRETARIES TO ORDINARY MEETINGS. 

XXV. 

The Secretaries to Ordinary Meetings shall keep Minutes of the 
Ordinary Meetings. They shall assist the General Secretary, when 
necessary, in superintending the publication of the Transactions and 
Proceedings. In his absence, one of them shall perform his duties. 


DUTIES OF CURATOR OF LIBRARY AND MUSEUM. 

XXVI. 

The Curator of the Library and Museum shall have charge of the 
Books, Manuscripts, Maps, and other articles belonging to the Society. 
He shall keep the Card Catalogue up to date. He shall purchase Books 
sanctioned by the Council. 


ASSISTANT SECRETARY AND LIBRARIAN. 

XXVII. 

The Council shall appoint an Assistant Secretary and Librarian, who 
shall hold office during the pleasure of the Council. He shall give all his 
time, during prescribed hours, to the work of the Society, and shall be 
paid according to the determination of the Council. When necessary he 
shall act under the Treasurer in receiving subscriptions, giving out 
receipts, and paying employees. 
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ALTERATION OF LAWS. 

XXVIII. 

Any proposed alteration in the Laws shall be considered by the CouncU, 
due notice having been given to each member of Council, Such altera- 
tion, if approved by the Council, shall be proposed from the Chair at 
the next Ordinary Meeting of the Society, and, in accordance with the 
Charter, shall be considered and voted upon at a Meeting held at least 
one month after that at which the motion for alteration shall have 
been proposed. 
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Additions to the Library—Presentations, etc.—X93a»z933. 

Andrews, R. C. Natural History of Central Asia; The New Conquest of Central 
Asia. Vol. I. 4to. New York, 1933. {Presentedby tk€ Arntrieon Museum 
of Natural Ntstory.) 

Barton-Wright, £. Recent Advances in Plant Physiology. 8vo. London, 
1930. {Presented by Autbor.) 

Bibliographie de J. J. Berzelius. Par Ame Hohnberg. Part i- . 8vo. 
Stockholm, 1933. {Presented^ 

British Journal of Physical Medicine. April 1933- . 4to. London, 1933. 
{Presented^ 

Bulletin mensuel de la Soci 4 t 4 Linnfenne de Lyon. Annte i- . 8vo. Lyon, 
193a. {Exchange.) 

Carnegie Institution of Washington:— 

No. 401. Paullin, Charles O. Atlas of the Historical Geography of the 
United States. By Charles O. Paullin. Edited by John K. Wright. 
Fol. Washington and New York, 193a. 

No. 418. Contributions to Paleontology: Papers Concerning the Paleon¬ 
tology of California, Oregon, and the Northern Great Basin Province. 
8vo. Washington, 193a. 

No. 433. Merriam, J. C., and Chester Stock. The Felide of Rancho La 
Brea. 4to. Washington, 1933. 

No. 436. Bingham, Harold C. Gorillas in a Native Habitat. 8vo. 
Wa.shington, 1933. 

No. 437. Castle, W. E., and Paul B. Sawin. Contributions to the Genetics 
of the Domestic Rabbit. 8vo. Washington, 193a. 

No. 438. Davenport, Charles B. The Genedcal Factor in Endemic Goiter. 
8vo. Washington, 1933. 

No. 439. Howard, Hildegarde. Contributions to Paleontology: Eagles 
and Eagle-like Vultures of the Pleistocene of Rancho La Brea. 8vo. 
Washington, 1933. 

No. 430. Gray, L. C., and E. K. Thompson. History of Agriculture in 
the Southern United States to 18^. Vols. 1 and II. La. 8vo. 
Washington, 1933, 

No. 431. Shattuck, G. C. The Peninsula of Yucatan: Medical, Biological, 
Meteorological, and Sociological Studies. 410. Washington, 1933. 

No. 433. Jochelson, W. History, Ethnology, and Antbropdogy of the 
Aleut. 4to. Washington, 1933. 
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No. 433. Contributions to Embryology. Vol, XXIII, Nos. 134-138. 410. 
Washington, 193a. 

No. 434. Steggerda, Morris. Anthropometry of Adult Maya Indians; A 
Study of their Physical and Physiological Characteristics. 8vo. 
WasMngton, 193a. 

No. 439. Chaney, R. W., and E. I. Sanborn. The Goshen Flora of West 
Central Oregon. 4to. Washington, 1933. 

No. 441. MacDougal, D. T., and Earl B. Working. The Pneumatic 
System of Plants. 8vo. Washington, 1933. 

No. 44a. Heidel, W. A. The Heroic Age of Science: Conception, Ideals, 
and Methods of Science among the Ancient Greeks. 8vo. Washing¬ 
ton, 1933. 

Supplementary Publications No. 5: The Magnetic Field of the Earth and 
its Atmosphere. Three lectures by J. A. Fleming, A. E. Kennelly, 
and J. Bartels. La. 8vo. Washington, 1933. 

{Exchange^ 

Christopher Columbus: Documents and Proofs of his Genoese Origin. English- 
German Edition. Fol. Genoa, 193a. {Presented.) 

Congris. National d*Astronomic des 31-33-23 Juillet 1933. (Comity National 
Fran^ais d’Astronomie.) 8vo. Paris. {Presented.) 

Etudes des Gltes Mindraux de la France: Bassin Houiller de la Sarre et de la 
Lorraine. Par MM £mile Siviard et Edmond Friedel. Atlas. Fol. 
Paris, 1932. {Presented.) 

Fraser, Lt.-Col. F. C. Odonata. Vol. I. 8vo. London, 1933. (Fauna of 
British India.) {Presented by Secretary of State for India.) 

Harada, J. English Catalogue of Treasures in the Imperial Repository, ShOsoin. 
8vo. Tokyo. {Exchange: Imperial Household Museum, Tohyo.) 

Head, Barclay V. Guide to the Principal Coins of the Greeks from c. 700 b.c 
to A.D. 270. Based on the work of Barclay V. Head. (British Museum.) 
8vo. London, 1932. 

Huygens, Christiaan, (Euvres, completes. Tome 17. 4to. La Haye, 1932. 
{Presented.) 

Index to the Proceedings (1905-1930) and to the Philosophical Transactions 
(1901-1930) of the Royal Society of London. La. 8vo. London, 1932. 
{Purchased.) 

The Indian Forester. Vol. LIX, No. 1- , 1933. La. 8vo. Dehra Dun, 1933. 
{Presented.) 

Joumgl de Biologic. Tome x, Nos. 1-4,1933-1933. 8vo. Moscow/Leningrad, 
1933-1933. {Presented by Professor N. K. Koltsoff.) 

Journal' de Biologic Expdrimentaie. Tomes 3-7, 1926-1931. 8vo. Moscow/ 
Leningrad, 1926-1931. {Presented by Professor N. K. Koltsoff) 
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Journal of Science of the Hiroshima University. Series A: Mathematics, 
Physics, Chemistry, Vol. I- . Series B: Z^logy. Vol. I- . La. 8vo. 
Hiroshima, 1930. {Exchange^ 

Maepherson, Hector. Makers of Astronomy. 8vo. Oxford, 1933. {Presented 
by Author.) 

Matron, International Review of Statistics. Vol. VI- . La. 8vo. Rome, 
1936. {Purehased.) 

Oriental Studies Freer Gallery of Art. Published by the Smithsonian Insti¬ 
tution. No. I- . 4to. Washington, 1933. {Exchange.) 

Privost, Georges. Tables de Fonctions Sph^riques et dc leurs Integrals. 4to, 
Paris, 1933. {Presented by Author.) 

Publications du Museum National d’Histoire Naturelle. No. i- . 4to. Paris, 
1933. {Exchange.) 

Publications of the Tashkent Astronomical Observatory. Vol. I- . 8vo. 
Tashkent, r928. {Exchange) 

Publications: Visindafdlag Islendinga (Societas Scientiarum Islandica.) 1933- . 
8vo. Reykjavik. {Exchange.) 

Records of the Auckland Institute and Museiun. Vol. I- . 8vo. Auckland, 
1930. {Exchange) 

Report of the British Association, 1933. York Meeting. 8vo. London, 1932. 
{Presented by Dr James Watt) 

Reports of the Institute of Labour. No. i- . La. 8vo. Kurashiki, 1931. 
{Exchange) 

The Russian Journal of Eugenics. Tomes 1-8, 1933-1929. 8vo. Moscow/ 
Leningrad, 1922-1939. {Presented by Professor N. K. Kolttoff) 

Scott, Sir Walter. The Letters of Sir Walter Scott. Edited by H. J. C, Grierson, 
Davidson Cook, W. M. Parker, and Others. Centenary Edition, 1933. 
Vols. I-IV, 1787-1817. 8vo. Constable & Co., London, 1932-33. {Pre¬ 
sented anonymously through Messrs Constable, London) 

Shorter Oxford English Dictionary. Revised and Edited by C. T. Onions. 
2 vols. 4to. Oxford, 1933. {Purchased) 

Terrestrial Magnetism. Vol. XXXVII, No. 1- . La. 8vo. Washington, 
1932. {Exchange) 

Turner, A. Logan. History of the University 'of Edinburgh, 1883-1933. 410. 

Edinburgh, 1933. {Presented by the University of Edin^rgh.) 

Verslag van de Herdenking van het derde eeuwfeest van de Universeteit van 
Amsterdam, 1932. Fol. Amsterdam, 1933. {Presented) 

Watt, R. A. Watson, J. F. Herd, and L. H. Bainbridge-Bell. Applications of 
the Cathode Ray Oscillograph in Radio Research. 8vo. l^ndon, 1933. 
{Presented by the Department of Scientific and Industrial Research) 
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Bartlett (M S ). On the Theory 01 Statis- Cousins, Correlation for the Intelligence of, 
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Birth-rank and Intelligence, by J L. Gray and 207 
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Fishes. (TuIo only ) 390. W Melville, 255-259 

Bruce Prize. See Prizes Distance, Spatial, in a Curved Space-time, by 

Bruce-Preller Lecture Fund. See Prizes II S. Ruse, 79-88. 

Bryce (T. H.). See Maclaren (N. H W.). Dix (EmiW) The Sequence of Floras m the 

Upper Carboniferous, with special referwiie 
Calder (Mary G). Notes on the Kidston to South Wales {Tttle only published in 

Collection of Fossil Plant Shdes No I Trans., vol Ivu.) 393. 

The Anatomy of the Axis of Le^sdodendron Dolentes, Spitsbergen, Geology and Petrology 
Broumti Unger sp., with special reference of, by G. W. Tyrrell and K S Sandford, 
to the Relationship between the Stem and 2^-321 
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7>»iar« vol. Ivii.) 393. -Honorary Fellows. 393. 

Carmon (n. G.). On ffie Feeding Mechanism Expansion and Contraction of Coal caused 
of certain Marine Ostracods. (Title only. respectively by the Sorpbon and Discharge 
published in Trans , vol. Ivii.) 393. ‘ of Gas, by II Briggs and R. P. Smha, 48-53 

Camegte Trust, Thanks for Grants, 397. 

Clark (W. I.). Obituary Notice of, 354. Fellows, Luts of Honorary, 447. 

Oeat eif Coal, Formation of Rock Joints and -Lut of, 421 

the, 1^ P. F. Kendall and H. Bnggs, 164- -Obituary Notices, 354-384. 

187. -Elected, 391, 449. Honorary, 393, 449 
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Fellow*, Dcceaied and Rctigned, 449. 

Fin», Supernumerajy Pectoral in Rma ttr- 
eulans Loudon, by W. F. Harper, *6-30. 

Fleming (Amy M ) The Innervation of the 
Uterus. {Title only, published in Tratu , 
vol. IvH) 390 

Fowl, Non-disjunttion in, by F. A. E Crew, 
89-104. 

Fowler (W H.), Obituary Notice of, 360-361 

Fraser (J. R ), Obituary Notice of, 383 

Fullarton (Margaret H). On the Develop¬ 
ment of the Olfactory Organ in Pratopterus, 


(Gardiner (F.), Obituary Notice of, 361 
(las. Expansion and Contraction of Coal 
caused by, by II Bnggs and R P Sinha, 
4»-S3 

(leodesics. Null, and the Theory of Radiation, 
by W. O Kermack, W. II M‘Crca, and 
E T Whittaker, 31-47 
German Periodicals, four discontinued, 397 
Glauter (J.), Obituary Notice of, 363-3^ 
Grants towards Publication, 397. 

Gray(J.G) Self-erecting Gyrostats. {TttU 
only Address) 391 

Gray (J L ) and Moshinsky (Pearl) Studies 
in Genetic Psychology The Intellectual 
Resemblance of Collateral Relatives, 188- 


Hydrogw, Mathematical Representation of 
the Energy Levels of the Secondary Spec¬ 
trum of, by Ian Sandeman, 347-353. 

Hyslop (T. B ), Obitiuury Notice of, 383. 

Innes (R T A.), Obituaiy Notice of, 367 

Intellectual Resemblance of Twins, by L 
Herrman and L Hogben, 105-129. 

Jardine (R.), Obituary Notice of, 383 

Jehu (T. J.) and Craig (R M) Geology 
of the Outer Uebndi». Part V.—North 
Harris and Lewis {Title only published 
in Trans., vol Ivii) 394. 

Keith Prize See Prizes. 

Kendall (P. F.) and Bnggs (II) The Forma¬ 
tion of Rock Joints and the Cleat of Coal, 
164-187 

Kcrmack (W O), M‘Crea (W II) and 
Whittaker (E T) On Properties of Null 
Geodesics, and their Application to the 
Theory of Radiation, 31-47 

Kerr (T) On the Pituitary in Leptdosirtn and 
Its Development, 147-150 

Koller (P Ch ) and Townson (Th ) Spermato¬ 
genesis in Drosophila obscura Fallen 
I The Cy'ological Basis of Suppression of 
Crossing over, 130-146 


Gresson (R A R ) Studies on the Gameto- 
gencsiK of Slenophylax sUllatus, Curt 
(Tnchoptcra) Oogenesis, 3*i-346 
Guinea-Pig—Vanations in the (Estrous Cycle 
in Virgin Animals, after Partuntion, and 
dunng Pregnancy, by T, Nicol, 320-2^8. 
Guniung-Victona Jubilee Prize. See Prizes. 

Hamilton (W J ) The Restoration and 
Regeneration of the Epithelium and Endo¬ 
metrium of the Uterus of Catna Post Par- 
lum in Non-pregnant Animals {Title 
only published m Traa/, vol Ivii ) 390 
Harper (W. F.) Supernumerary Pectoral 
Fins in Raia circulans Loudon, 26-30. 
Henderson (J.), Obituary Notice of, 383. 
Herrman (L.) and Hogben (L.) The Intel¬ 
lectual Resemblance of Twins, 105-129 
Hippa asiatica. The Fsecal PclleU of, by H B. 
Moore, 252-254. 

Hogben (L. T) A Matnx Notation for 
Mendeluui Populations, 7-25 
-The Effect of Consanguineous Parent¬ 
age upon Metrical Characters of the Off¬ 
spring, 239-251. 

- See Herrman (L.). 

Holland (W. J.), Obituary Notice of, 365-366. 
Honorary Fellows, List of, 447 

-Elected, 393, 449; deceased, 449 

Hora (S. L.). Development and Probable 
Evolution of the Suctonal-disc in the Tad¬ 
pole* of Rana afgkana, GUnther. {Title 
only, published in Trans , vol. Ivii) 390. 
Hutchison (A. G.) The Metamorphism of 
the Deeside Limestone. {Tule onlyx pub¬ 
lished in Trans., vol. Ivii.) 390. 


Lander (C II) Bruce-Preller Lecturer, 393, 

396, 398, 410. 

Lang (W. II) Contributions to the Study of 
the Old Red Sandstone Flora of Scotland 
Part VlII. On Artkrostigma, Psilophyton, 
and some Assoaated Plant-remains from the 
Strathmore Beds of the Caledonian Old Red 
Sandstone {Title onlyx published in 
Trans., vol. Ivii) 390. 


Laws, 450 

I.«ast Squares, Graduation of Data by, by 
A C Aitken, 54-78 
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Whittaker (E. T). 

Mackenzie Q E.) and McIviUe (H. W.) The 
Diffusion Coefficients of Bromine-Argon, 
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Chloride, Broinme-Nitrous Oxide, 255-250. 

-Experimental Demonstration of the 

Measurements of the Diffusion Coefficients 
of Bromine-Hydrogen and Bromine-Carbon 
Dioxide. {Title only) 391. 

Maclaren(N H. W ) and Bryce (T. H.). The 
Early Stages in Development of Coma 
{Title only, published in Trans., vid. Ivii) 

M^dougall-Brisbane Prize. See Prizes. 

Marr (J. E.), Obituary Notice of, 368. 
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Matrice* and Continued Fractionx, by H. W. 
Turnbull, 151-163. 

-II., by H. W. Turnbull, 208-419 

Matrix Notation for Mendehan Populations, 
by L. T. Hogben, 7-25 
Meetinn, Proceedings of Ordinary, 390. 

-Proceedings of Statutory, 387, 396. 

Melville (H W.). j'w Mackenxie (J. E ) 
Mendelian Populations, Matrix Notation for, 
L T Hogben, 7-25. 

Metrical Characters, Effect of Consanguineous 
Parentage on, by L T. Hogben, 239-251 
Mitchell (A. C). The Diurnal Incidence of 
Disturbance in the Terrestnal Magnetic 
Field (Tilh only, published in Trant, 
vol Ivu.) 391. 

Moore (H. B) The Fteoal PelleU of Htppa 
atttUtca, 252-254. 

Mort (S ), Obituary Notice of, 384 
Moshinsky (Pearl). AVe Gray Q D.)- 


Neill Prise Set Prizes 
Nicol (T.). Studies on the Reproductive 
System in the Guinea-Pig Variations in 
the (Estrous Cycle in the Virgin Ammol, 
after Parturition, and dunng Pregnancy, 
22&-238. 

Non-disjunction in the Fowl, by F A E 
Crew, 89-104. 

Null Geodesics, and the Theory of Radiation, 
by W. O Kermack, W. H. M'Crea, and 
E. T Whittaker, 31-47. 

Obituary Notices.—Franas Ernest Bradley, 
William Inglu Clark, Sir Dugald Clerk, 
William Grant Craib, John Cuthbertson, 
William Hope Fowler, Joseph Robert 
Fraser, Frederick Gardiner, John Glaister, 
John Henderson, William Jaiob Holland, 
^eophilus Bulkeley Hyslop, Robert T A. 
Innes, Robert Jaidme, John Edward Marr, 
Spencer Mort, Ralph Richardson, Johannes 
Schmidt, John Stephenson, John W Tait, 
Jpies Edward Talmage, Sir J. Arthur 
Thomson, John Millu Thomson, and 
William Arthur Williams, 354-384 
Gistrous Cyde Vanations in the Guinea-Pig 
in Virjrin Animals, after Partuntion, and 
dunng^egnancy, by T Nicol, 220-238 
Olfactory Oi^n. Its Development in Pro' 
topterus, by Margaret H. Fullarton, 1-6 
Oogenesis’ Studies on the Gometogencsis of 
Sitnopkylax stellatut, Curt., Iiy R. A. R 
Gresson, 322-346. 


Pituitary, lu Structure and Development in 
Leptdostrtn, by T. Kerr, 147-150. 

Polar Year, 396. 

Polynomials, Orthogonal, Fitting of Data by, 
by A C. Aitken, 54-78. 


Prizes, David Anderson.Berry, 396, 401, 410. 
-Gunning Victoria Jubilee, 392, 394, 

396.409 

-Keith, 399, 403. 

-Makdougall-Brisbane, 392, 394, 396, 

407 

-Neill, 400, 407. 

-Scott, 392, 396, 400, 409. 

-Rules and Awards, 399, 403. 

- .See in Accounts, 414-417 

Proceedings of Ordinary Meetings, 390 

-Statutory Meetings, 387, 396. 

Protopteru! —On the Development of the 
Olfactory Organ of, by Margaret H 
Fullarton, 1-6 

Radiation, Null Gcoilcsirs and the Theory of, 
by W O Kcrmack, W H M’Crea, and 
E T. Whittakir, 31-47 

Sata ctrcnlans, Loudon, Supernumerary Pec¬ 
toral Fins in, by W F Harper, 26-30. 
Regression Coefficients, Distribution and 
Statistiral Signiticanct of, by M S Bartlett, 
260-283 

Relativity, Measurement of Spatial Distance 
in, by H S Ruse, 79-88 
Reports, General Secretary’s and ’freasurer's, 
39^/ 397 

Representatives (R S E ), C omiinttces. Con¬ 
gresses, etc , 396. 

Richardson (R ), Obituary Notice of, 369, 
Rook Joints, Formation of, and the Cleat of 
Coal, by P. F Kendall and 11 Bnggs, 
164-187 

Royal Society, Government Publication Grant, 
397 

Ruse (11 S ) On the Measurement of Spatial 
Distance in a ('urved Space-time, 79-w. 
Sandeman (I). The Mathematical Repre- 
Mntation of the EnerB. Levels of the 
Sicondarv Spectrum of Hydrogen, 347-353 
Saudford(K S) Ae Tyrrell (G W.) 
Schmidt (j ), Obituary Notice of, 370-373. 
Scott Prize Set Prizes 
Sex-linked Genes and Intelligence, by J L. 

Gray and Pearl Mnshinskv, 1S8-207 
Shelvmg added to Library, 397 
Sibs, Correlation for Intelligence of, by J. L 
Gray and Pearl Moshinsky, 188-207 
Simpson (J B) The J.ate-glanal Ri 
advance Moroinea of the lligliTand Border 
west of the River Tay {Title only pub¬ 
lished in Trant , vol. Ivii) 392 
Sinha(R P) -iirz Bnggs (H.) 

Smith (W. W ) and Tail (T). The Abnormal 
Atomic Weight of Calcium contamed in 
Two very old Potassium-nch Deposits at 
Rhiconich, Sutherlandsbire, and Portsoy, 
Banffshire ( Title oniy ) 394 
Sommerfeld (A) Awarded James Scott 
Prize, 392, 396, A09 

-Ways to the Knowledge of Nature. 

(Title only. Address.) 392 
Spertrum of Hydrogen, Mathematical Repre¬ 
sentation of the Energy Levels of, by Ian 
Sandeman, 347-353- 
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Spitsbergen, Geology and Petrology tA 
Dolentes of, by G. W. Tyrrell an^. S. 
Sandford, 2^-331. 

Statistical Regression, On the Theory of, by 
M. S. Bartlett, 260-383. 

Statutory General Meetings, 387, 306. 

Sttnopkylax sMleUtu, Curt.—Studies on the 
Gametogenesis of: Oogenesis, by R. A. R 
Gresson, 323-346. 

Stephen (A. C.). Studies on the Scottish 
Marine Fauna: the Natural Faunistic 
Divisions of the North Sea, iliustrated hy 
the Quantitative Distribution of the Mol- 
lusca. {TtiJt only, published in Trant, 
vol. Ivii.) 391. 

-Studies in the Scottish Marine Fauna. 
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